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FOREWORD

Retardation systems used for very high altitude at low dynamic pressures or
for low altitude cargo delivery often require exceptional test equipment and/or
facilities. As tests become more complex, higher developmental costs are
incurred. This report describes a technique which theoretically permits
parachute systems to be tested under more convenient conditions of altitude,
velocity, and system mass resulting in the same conditions of opening shock
force and parachute stress distribution.

Several unique properties of solid cloth parachutes are developed along
with the criteria for alternate altitude testing. Methods of calculation are
provided and test techniques proposed.
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INTRODUCTION

RS SN

>

4

~5

The flight testing of solid cloth parachutes sometimes calls for unique
test conditions such as very high altitudes for extremely low dynamic pressures,
or heavy payloads, such as cargo, tested at low altitudes. Each of these
conditions may require exceptional test equipment and/or facilities such as
balloon-borne and rocket-assisted high-altitude vehicles or large cargo aircraft
for low-altitude heavy payloads.

e
P P

2

These requirements can add significantly to the overall test program cost
and complexity. In order to reduce development test costs and complexity, a
theoretical study has been conducted to determine the possibility of altering
the test conditions in a manner which would permit the use of lower cost test
asgets and still obtain the same § irachute opening shock forces and stress
distributions. The results of this study show that if the system mass and
test velocity are varied, as gshown in the accompanying method for a comstant
Baliistic Mass Ratio (BMR) scale parameter, the opening shock force and stress
Aigtributions are constant for all altitudes. —— ... -~ )4—73

The examples in the study indicate that high-altitude testing may be
accomplished at low altitudes by reducing the test velocity and increasing the
payload mass, and low-altitude cargo parachute systems may be tested by reducing
the payload weight and increasing the test velocity and altitude.

In the case of the modified high altitude testing, a test method is
proposed which improves test observation and control. Modified cargo testing
permits several test vehicles to be mounted on the wing racks, of an A7 type
aircraft for example, with properly weighted existing test vehicles for the same
total weight of one conventional test from a C-130 aircraft. Eventuzlly full
systems tests may be desired; however, parachute development time and costs can
be reduced by alternate altitude testing.

As the study progressed, several unique effects of altitude on solid cloth
parachute performance were developed. These effects arve:

a. The Ballistic Mass Ratioc as a scale parameter.

b. Variation of opening shock force at variable and
constant Ballistic Mass Ratios.

¢. Parachute stress distributions.
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d. Average steady-state pressure coefficients and the
variation as a function of the inflation time ratio, t/t,.

e. Parachute inflation distance and inflation reference time.
f. System impulse as a function of Ballistic Mass Ratio.

g. Parachute performance as related to the inflation time -
ratio, t/ty,, for a constant Ballistic Mass Ratio.

Although the study was specifically for solid cloth parachutes, the results v
may be considered as guideposts for trends in the testing of other types of
parachutes.

APPROACH

The study is based upon two conditions: (a) the premise that the Ballistic
Mass Ratio satisfies stated criteria required for a genuine scale parameter, and
(b) an opening shock force analysis which was presented at the fourth AIAA
Aerodynamic Decelerator and Balloon Technology Symposium in 1973. Since this
paper 18 to be used extensively, it is included as Appendix A of this report for
the convenience of the reader. Appendix B provides a worksheet for use as a
guide on how to most effectively use Appendix A. The development of the subject
matter is to be a combination of theoretical development combined with examples
to demonstrate the results.* It is suggested that for best uncerstanding of
this report the reader should review Appendix A first. Essgential formulae from
Appendix A are reviewed below as a basis for development.

THE BALLISTIC MASS RATIO AS A SCALE FACTOR

A method of scaling parachute inflation and steady-state performance has
been a long-sought element of parachute-system analysis. In the search for a
scaling parameter, a most important requirement must be kept in mind. That is,
that for any quantity to be a valid scaling parameter, it must relate to the
variables which affect performance.

In model testing of airplanes, missiles, ships, etc., in wind tunnels and
towing basins, Reynolds number, Froude number, and Mach number are acccepted
scale factors. These parameters, together with ballistic coefficient
(W/CpSy) and surface loading (W/S,), have not provided a general
correlation of parachute test data. A viable scaling parameter for general use
in deployable decelerator testing has not been developed, although some

*Where formulae from Appendix A are cited, the parenthesis in the right hand
margin of the page denotes the appendix page and formula number, respeccively.
Hence, (A7-13) reads as page A7 formula 13. Formulae marked with a single
number in parenthesis pertain to the presented development.




NSWC TR 85-24

experimenters have successfully modeled particular cases. A look at the methods
of testing gives us a clue as to why the aforementioned scale factors do not
apply to parachute deployment. In the testing of airplanes, missiles, ships,
etc,, a rigid model is constructed and mounted in the test facility where data
18 recorded at one or more constant velocities, Thus, three parameters which
are important to parachute testing are eliminated. First, the geometry of a
deploying parachute undergoes dramatic changes as compared to the constant

- geometry of a rigid model. Second, the deploying parachute geometry iz a
function of deployment time. Third, the velocity profile obtained during a
parachute deployment is dependent upon the mass of the assembly being retarded.

. Transient geometry, time, and weight are not factors in the aforementioned scale
parameters. This leads to some very important conclusions:

a. Reynolds number, Froude number, and Mach number are valid scale factors
for airplanes, missiles, ships, etc., because they contain the variables which
affect performance.

b. These established scale parameters are unsuitable for parachute

deployments because they do not contain important variables which affect
parachute performance.

c¢. For any quantity to be valid scale parameter in any process, it must
contain those variables which affect system performance.

A fundamental example of a '"mass ratio' scale factor can be developed by
means of a theoretical horizontal point mass trajectory. For simplicity, only
the steady state (constant drag area, CpSp) will be considered; however, the
developed mass ratio is also applicable for parachute deployments.

Example 1: Determine the velocity profile of an automobile which is being
retarded on a norizontal road by a fully deployed parachute. Assume negligible
automobile aerodynamic drag and road friction forces.

With r2ference to Figure 1.

-F = na
R
F 2pV CDSO
L2 s o ¥V
5°v CDso - g dt
. t \"
0% [ ge = [ 2
2W 5 v, ve

Integrating and solving for the velocity ratio

i

v 1

VB- = ngStLDbO (1) r’\
2W I-}f
xﬁg

>
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N
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FIGURE 1. RETARDED AUTOMOBILE
OF EXAMPLE 1

The quantity 2W/pgVgstCpS, is in effect a ratio of masses. It can be

visualized as in Figure 2 to be the ratio of the mass of the system, W/g, to the
mass of air contained in a right circular cylinder of face area CpS,, length
Vgt, and mass density p. If this quantity is denoted by M, then Equation

(1) becomes

v
» NI I e

% e ot
he  JARERURR
<]<
®
[}
—
+ |-

T (2)
2 M
R
: and it is seen that the velocity profile is only a function of the mass ratio.
! Figure 3 illustrates the concept of how the air mass is affected as the
m automobile moves along the retarded trajectory. As time increases, additional
Y| air mass is affected, and at each instant, a definita velocity ratio and mass
e ratio exist, as shown in Equation (2). The mass ratio contains the basic
oY variables (altitude, ¢; parachute aerodynamic size, CpS,; system mass,
v W/g; velocity, Vs and time) necessary to define a scale factor for deployable ‘
= decelerator application. Apparent mass is another effect which should probably
be included, but is not presently sufficiently understood or defined as to
:\j permit inclusion in the analysis. For the inflating parachute the methods for *
obtaining the dynamic drag area ratio signature include the effects of apparent
mass.

Note that the lemgth Vgt in Figure 3 is not a true trajectory distance
because of the use of the constant initial velocity V . The true distance
(TID) is:

.
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~

VOLUME DENSITY = p

P gV‘t CpS,

FIGURE 2. VISUALIZATION OF THE MASS RATIO CONCEPT

FIGURE 3. VARIATION OF AFFECTED AIR MASS ALONG A
FULLY INFLATED PARACHUTE TRAJECTORY
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t
D = vde
!
. t Vgdt
f ngsCDSOt
° 1+—0
Let C = pgvscbs°
2W
t
TD = VSf cdt
c 1 +Ct
(o]
vS
TD-C—ln (1 + Ct) (3)

Appendix A describes a wethod of calculating the opening shock forces of
several types of solid cloth parachutes which utilizes the developed mass ratio
as applied to the inflation stage of operation. Equations (13) and (14) on page
A-7 of Appendix A relate the parachute geometry, air flow properties of the
canopy cloth, drag area signature, and deployment conditions to the inflation
reference time t,. The dependency of the mass ratio on the system parameters
is illustrated in the flow chart of Figure 4. Therefore, the mass ratio
fulfills the scaling requirement that it relates to the variables which affect
performance and is a valid scale factor. Since the mass ratio deterwines the
ballistic performance of the retarded trajectory the name "Ballistic Mass Ratio"
(BMR) is appropriate.

Although the present discussion is limited to solid cloth parachutes the
Ballistic Mass Ratio approach is valid for all types of parachutes. Testing at
a constant BMR at all altitudes requires 8 modification in system weight to
offset changes in air density and inflation distance (Vgt,). For other
types of parachutes, the definition of the variation of inflation distance with
altitude is the key to alternate altitude testing. The basic idea is not
complex. Since it is required that tests are to be conducted at a constant
dynamic pressure, the inflaiion distance associated with the required density
and velocity is defined. This causes a change in the BMR. The system mass is
then adjusted accordingly to return the BMR to the original value.

When a given solid cloth parachute system is tested at constant dynamic
pressure over a wide range of increasing altitudes, a decrease in inflation time
and an increase in opening shock force occurs. An explanration of this phenomena
is as follows. The opening shock force may be expressed as
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::; Fpax ® Fg Ximax
LS
> Fg = q CpSy
- where Xjpayx shall be shown to be a function of the drag area ratio at line
f“i stretch, n = CDSi/CDSO, and the BMR. The shock factor determines the
}:) percentage of the steady-state drag force that will be realized as opening shock
Ry force. For altitudes above sea level there is a decrease in air density and .
e inflation reference time. Both of thesc effects increase the BMR and the
e maximum shock force. Testing at a constant BMR results in tne same opening
A shock force at all altitudes. .
;E? The decrease in inflation reference time is due to the decrease in air
g density. For constant dynamic pressure as altitude increases the test velocity
e must be varied

.
KA
L o

I B
e

/OSL
Vs = VsLY—~

From Equation (l4) of page A-7 of Appendix A
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At all altitudes the Vg, remains constant, and the primary variable is

density. Other possible variations may be due to drag coefficient rise caused
by & decrease in canopy cloth air-flow properties, and possible changes in
geometry caused by the rise in drag coefficient. Otherwise, the reference time
is only a function of system constants and altitude.

e
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'.' DISCUSSION OF APPLICABLE APPENDIX A FORMULAE

X . A . .

i:q During the inflation of a parachute canopy the instantaneous force can be v
:nj described as the steady state drag force, Fg, times som: ingtantaneous shock

.{: factor, xj.
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where x; at any instant is a function of the instantaneous drag area
signature, CpS/CpS,, and the instantaneous velocity ratio (V/Vg)2,

The drag-area signature is indicative of the type of parachute being used and is
dependent on the deployment time ratio, t/ty, and the method of deploying the
parachute described by the initial drag-area ratio, n = CpS;/CpS,.

For the types of solid cloth parachutes of Appendix A the general case drag-area
signature was determined to be

The parachute drag-area signature may be presently obtained by two methods:

a) Infinite mass wind-tunnel tests wnere the methods described on pages
~~ A-3 and A-4 are used.

b) Free flight tests where event times have been established and
simultaneous measurements of parachute force and dynamic pressure have
been recorded during deployment.

Tnen:

Fp
CpSt « q

and the drag area gignature at any instant

CpST . Fr . Cps
CpSo CpSo CpSo

a7

This writer prefers the wind tunnel wethod as it offers better control of test
conditions and events, but the second method may offer a better utilization of
existing field test data over a range of altitudes, velocities, and various
types of parachutes.

The importance of the discovery that the dynamic drag-area signature and
geometry, as a function of the time ratio, t/t,, are independent of altitude,
velocity, and system mass has not yet been fully realized. This independence
separates the geometry of deployment from the forces generated during inflationm,
and alao the stress distributions in the canopy.
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For simplicity in demonstrating the principles of this analysis n is to be
considered as zero.

Hence,

s [e 6 .
chO to

Utilizing Newton's third law of motion in the horizontal test attitude* results
in:

C -
!’— Ds de = 2W v. .ﬁ (AZ-Z)
to CpSo P8V 3t oCpSo . v2

vwhich leads to the velocity ratio equation:

y o1 (A4-7)

Vs AR/
LR N

and the shock factor:

(.t_)"’
*i = = 2 (A5-8)
™ \t,

Equation (A2-2) also utilized what has come to be known as a Ballistic Mass
Ratio (BMR).

2W .
M ———— A4-6
pgCpSoVato ( )

*Parachutes tested in vertical fall exhibit an opening shock force of 1g
greater than horizontally deployed canmopies. This is a limitation on the
development.
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One of the variables in the BMR is the inflation distance, Vg4t,, which is
the product of the system velocity at line stretch, Vg» and the reference
opening time, t,.

8p¥o CpSo
" Mo = Ago k(—g-)
\' - -1 (A7-14
. oo p8CpSe )
Note that when:
Cop 1/2
0 = Mo = Ago k(—g—) (4)

D
-
v

a critical inflation condition exists, and at any test velocity the t, time is
infinite. As altitude increases, the density p approaches zero and equation
(4) becomes positive and the parachute will inflate. For imporous canopies k=0

and the parachute always inflates. These boundary conditions agree with general
field test experience.

e X

~

!
S

The inflation distance is not dependent on the test velocity V,. Rather it is
a function of system weight, w, and density altitude, p; the steady-state
geometric characteristics of the particular type of parachute, and drag area,
CpSqg; volume, ; mouth area, Ay,; Surface area, Agy,=8,; cloth

axr?low properties, k and n; and average pressure coefgicient, Cpav‘

The average pressure coefficient for the steady-state parachute was determined
as follows:

"l

~ The ateady-state drag force, in a wind tunnel for example, may be written
..: »

fg F = qCp8,

but it may also be written

F = 8PaySp

oo X

e

o vhere S, is the projected area of the inflated canopy and AP is the average
W pressure differential acting on 8.

% r

o bPgySp = F = qCpS,

2

i C = ay = -C-D—82

3 Pav ¢ Sp

i

N3

LN

:: 11
e

- 0.‘1

S
-
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2
So = 7 D and sp=£-bp

R -
Dy
c .
av D 2
Do
Ratios of DP/DO from Reference 2 are presented in Table 1 for several types
of parachutes.
TABLE 1. RANGE OF AVERAGE STEADY STATE CANOPY PRESSURE COEFFICIENTS ]
PARACHUTE Co 0,/D, Cp.\
TYPE RANGE RANGE RANGE
FLAT 0.76 0.70 1.631
CIRCULAR 0.80 0.67 1.782
EXTENDED 0.78 0.70 1.692
SKIRT 0.87 0.68 1.997
CROSS 0.60 0.72 1.167
0.78 0.66 1.791
! 12
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For a flat circular parachute with a Cp=0.75 and Dp/Dg=0.67

co o 0.7
Pav ~ (0.67)2

1t may be concluded that the average steady-state canopy pressure
coefficient is the canopy drag coefficient based on the projected area. The
inflation geometry as a function of t/t, is comstant with altitude. It can be
deduced from this that if the inflating geometry is independent of altitude, the
forces which cause the geometry to develop must also be independent of
altitude. These forces come from the pressure distribution along the gore
panel. Therefore, at any given t/t, a definite, repeatable pressure
distribution exists which varies with t/t,, but is constant for all altitudes
and the cpav is constant with altitude,

The Air Force Flight Dynamics Laboratory conducted field tests of a 28-foot
(D,) Solid Flat Circular Parachute (SFCP) system at altitudes of 6,000, 13,000,
and 21,000 feet. A result of these tests was the demonstration of the

repeatability of the canopy projected area to surface area ratio at all test
altitudes. With the data of Figure 5 the average steady-state pressure
coefficients for the 28-foot SFCP can be estimated.

‘o Y ’ (6)
Cpav .S;7§; (1-n) (?; +n

for 0 < t/ty, < 0.3

¢ \3 2
co =m0 () + »
= o _

P
av. . 0.0024 + 0.07843(§—-

(6a)

[4]

for 0.3 <t/t, < 1.0

13
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1 ]
L___ Ref. 356 1
® v, = 161.1Fc/Sec ( oal ° Ve - 224.7 Fe/Siéc
F04T 0 v, = 1544 Fessec ; F 04T a v, = 2301 Fessec
a v, = 2030 Ft/Sec / SV, = 227.8 Ft/Sec . : .
[ T9 V, = 2550 Ft/Sec T ¢V, = 211.5 Ft/Sec — -
e V, = 159.0 Ft/Sec t nVy = 243.0 Fi/Sc
L 034+« V, = 281.6 Ft/Sec L034 oV, = 3560 Ft/Sec ‘ :
e V, = 251.6 Ft/Sec { oV, = 331.0Ft/Sec J' :
S, s,
L 2 | _ L —
S, / S l ,
’
0.2 y - 0.2 ¢
L 3 ) F
/ 4
v/ /
0.1 0.1
J/ + ” s
- *"
‘j” ‘1 . 9.5 ;0'7 " 09 ﬁ.’# Q.3 1 gLs L _oz e OL’
8 A, b) Ay
6.000 Ft Altitude 13.000 Ft Altitude
y
| 04b© Vi = 264.0 Fe/sec * L 0.
OV, = 2664 Fi/fSec ' Mean Values
L6 v, = 201.0Fe/50 d : From alf
[ Tov, = 2750 Fuse Test
’ - Resuits
+ V, = 286.0 Ft/Sec
031 o V, = 268.3 Ft/Sec ? 0.3

i 3

L L r
0.0117 +0.0034 (118.4)]

4

A
T
e

Qh].hh

+ 0.2

0.1 —4 0.1
r _ ‘/& s 0.078437T +0.004
e 0. 0y 09
- A 04'3 A O.LG 1 017 A 049_. 19 A A . A
c) thy a1 th,
21,000 Ft Aititude Generelized

Reproduced from reference 2, pege 245

FIGURE 6. NORMALIZED CANOPY AREA GROWTH DURING INFLATION OF 28 FT (Do) SOLID FLAT
CIRCULAR PARACHUTE
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e 2
Cp | (1=n) (‘t"") +n
0

t/e,
0.0117 + 0.0034 (118.4)

e e, R RN T

Cpav = (6b) ]

Figure 6 shows the estimated C,,, for the following conditions: Cp = 0.75;

ne= 0.0024; t, = tg; and the tWwo variations of S, /S, as & function of

t/t¢ in Figure 5. Cloth air flow properties "k" and "n" may be evaluated by

the methods of formulae (A13-29) and (A13-30). Another method is to adapt a
least squares fit through the data points. A true average value of k and n in
any given parachute requires a large number of permeameter rate of air flow tests
due to the variation of the woven cloth air flow rates. Their values may also
vary for different parachutes in the same lot. This is most likely ome of the
causes of performance variations for similar test conditions.

TR T A TR

-

20 -

ESTIMATED AVERAGE STEADY STATE
PRESSURE COEFFICIENT

O PR

FIGURE 6. ESTIMATED STEADY STATE AVERAGE PRESSURE COEFFICIENT FOR THE
INFLATING 28 FT (Do) 8OLID FLAT CIRCULAR PARACHUTE OF FIGURE 5
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The inflation time and distance may also be calculated by equation

(A7-13). 1In this equation the actual value of "n" for cloth airflow Rrogerties
is used rather than the assumed value of "n''=1/2. At low altitudes (A7-13)
yields a better value of inflation distance than (A7-14).

DFVELOPMENT OF ALTERNATE ALTITUDE TESTING

The drag-area signature is independent of altitude, velocity, and system
mass, Reference 1, while the velocity ratio is dependent on the BMR,M. Since
the shock factor is a function of the velocity ratio, it is also a function of .
the BMR,M. For alternative altitude testing, the forces generated may be
duplicated at other density altitudes by testing at a constant BMR. The
requirements for generating a constant BMR are to adjust the system weight for
the particular density altitude desired. Note that density altitude is stressed

ag this may vary from geometric altitude or pressure altitude used for some
altimeters.

Replacement of the inflation distance in the BMR equation (A4-6) by its
equivalent (A7-14) results in:

szor CpSo
Let K1l 2w I. oo 172
ApMo = Ago k -g"'
M = 2w r = 1
14W Kl Kl.
pgCpSy X m [e -1] 7 |E ﬂ
'
)
Kl =1 + 79
1
Kl = 1n {1 + n (7)

Solving for the required weight as a function of density altitude.

8r¥o ) CpSo

W=
2 1n [1+ ;—;-] AMO—ASOk<E£L°)1/2

(8)

The inflation distance at any alternate density altitude is determined by
equation (A7-14) and the required weight.

16
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1
14W ln (1 + m)
- — -1 9)
VSCO OSCDSO €

DETERMINATION OF REQUIRED TEST VELOCITY
Since the steady-state drag force is a function of altitude, the steady-

state force will remain constant if the tests are conducted at constant dynamic

pressure. The dynamic pressure at the original density altitude must be equal
to the test altitude.

original q4 = test qgT

',9/98L
VsT Vs PT/PSL (10)

o/ pg, = density ratio at original requirement altitude

p1/pgl, ™ density ratio at alternate altitude

INFLATION REFERENCE TIME

The inflation reference time, t,, at each altitude is calculated for the
conditions at that altitude.

1

VsT to
to = —VS—';— (1) E
4
Example 2: 1In order to illustrate the theory developed, a sample problem g
shall be used. %
Problem: A T-10 type parachute i8 to be tested horizontally at a density I
altitude of 80,000 feet at 300 feet per second test velocity. The system weight 3

is 250 1b.

Determine: Alternate test altitudes to obtain the same maximum opening shock
force. :

XA B

- Solution: For a T-10 type parachute the diameter is Dy,=35 ft and the drag E:
area is 721 ft?

~

. Determine the steady-state parachute geometry, Cpav' and cloth air-flow t:

constants k and n. :;

o

From Table 2, page (Al4) for a 10 percent Extended Skirt parachute of 30 gores by

e

17 :i
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23 N . b b
3; = 0,650 ; 3 0.825 ; i 0.6255 ; F 0.7962

g = 22890 Do 0.650 x 35
2 2

= 11.375 ft.

The steady-state mouth area, Aygy:

- N/3 - b/aY
Ao " T & 1 - b'/a

e c\2
Ayo = %(11.375)2 |1 - (?'823'79256455)

Ayo = 381 fr2

The steady-state canopy volume, V.,

3w 5oy
V. = 2 2(11.375)3 [0.6255 + 0.7962]
0" 3

Vo = 4382 fe3

(12)

(Al4-31)

The cloth air-flow constante, k and n, were determined for the Mil-C-7020, type

111 Cloth, using the methods on page A-13.

. 87.6255

k 60

= 1.46

n = 0.63246

The term, k, as determined for the nowminal permeability has units of ft/min. .

However, calculations are based on ft/sec., hence the division by 60.

average pressure coefficient was taken as Cpav'1~7-
Determine the BMR at 80,000 feet

a. Use equation (A7-14) to determine inflation distance

18
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o )

N
!
go¥o CpSo §
W CooN1/2 o
-2
L4W AMO’ASO“(z)
Vato = TglpS, -k

T B

L
-

b. Calculate the BMR from equation (A4-6)

2W
p8CDPSoVaton

This value is to be kept constant at all density altitudes.

Calculate the required weight and inflation distance at other deneity altitudes

a. Required weight from equation (8)

ge¥o CpSo

2 In [1 . %ﬁ] Ao - Ago K (ELz)l'z

W =

b. Inflaticn distance from equation (9)

1
14W [ ln [1 + '7':2] ]

Determine test velocity at density altitude and inflation reference time t,.

a. Test velocity from equation (10)

p/psL
Vgt = Vg V o1/ o5L (10)

b. Inflation reference time at the particular density altitude from
equation (11)

LK)
4_

-y
S 2N Y

T

. Vgr £o

(11)
Vst

to

Ld
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The results of these calculations are summarized in Table 2 and graphically
illustrated in Figure 7.

The solution of example 2 using eq. (A7-13) requires the use of a computer
due to the value of "n".

1
Yo = MyoVstoM 1“[1 + ﬁ] = Ago k("_z-'-

A method of calculation 1s as follows:

a) For the given density altitude determine the test velocity, Vgr,
eq (10).

b) Let dt = t5/10,000

c) Assume a value of t, and compute V, for the system parameters
listed in the heading of Table 2.

d) Compare the computed canopy volume with the previously calculated
canopy volume of 4382 fe3.

e) If the covputed canopy volume does not agree with the 4382 fe3

a specified limit of + 5 ££3 then correct to and iterate again.
£) Let

within

b ¢
o

.\.
s
Eal
.
RS

.\'
-
.

4382 ¢
[e]

to

A

Yo computed

w
hl

<
®
i
[#]
0
<
®
o
T
[o]

g) <Calculate the inflation distance.

h) Determine the weight required for M = 2,950

o
ngDSOVBtoM
A w:———z———-

s

AN

The integral of equation (A7-13) has an interesting property in that if the
integrated function for any altitude is divided by the t, time for that .
altitude a constant value at all altitudes is obtained, as shown in Table 3.

AR L

a
-

20
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TABLE 2. SUMMARY OF CALCULATIONS FOR THE ALTERNATE ALTITUDES OF EXAMPLE 2.

S ‘AR W . W W e @ S—

TEST CONDITIONS @ 60,000 FEET

i WEIGHT = 250 LB Ay = 381 FT? k =1.46 M = 2.950

. Dy =35FT c s% =721 FT2 n = 0.53246 Vg = 300 FPS

: Agg = Sg = 962 FT? v‘; =4282 FT3 Cpp, = 1.7 Fg = 278218

! - Eq (A6 — 14);n = 1/2 Eq (A6 — 13); n = 0.63246

| S | ey | Vet | w Ve | o | w | Ve |
l KILOFEET FPS Le FT SEC L8 FT SEC
I 80 0.03606 300.0 250.0 85.12 0.284 252.9 86.14 0.287
; 70 0.05856 235.4 409.7 85.89 0.365 415.9 87.21 0.370
i 80 0.09492 184.9 671.8 86.88 0.470 684.9 £8.61 0.47%
, 50 0.1631 145.6 1099.4 88.16 0.606 1127.6 90.44 0.621
; 40 0.24708 114.6 180€.0 89.84 0.784 1868.6 92,87 0.810
: 30 0.37473 93.1 2800.3 91.76 0.986 2916.6 95.87 1.028
: 20 0.53316 78.0 4072.9 93.79 1202 | 42865 98.73 1.266
I 10 0.73859 66.3 5783.1 96.14 1.450 6163.4 102.31 1.643
E 0 1.00000 57.0 8048.6 98.82 1736 8673.4 10661 1.869

TABLE 3. RATIO OF THE INTEGRAL OF EQUATION (A6-13) TO THE
INFLATION REFERENCE TIME FOR EXAMPLE 2

()
f 5]

M = 2.950
n = 0.63246

N
&
3
E
M
g
;

ALTITUDE g 5 5
howns | G &
80 0.28713 0.04266 0.14823 Y
70 0.37048 0.05492 0.14823 ‘<
60 0.47924 0.07104 0.14823 ,
50 0.62114 0.09207 0.14823 .3
40 0.81041 0.12013 0.14823 :"3.
30 1.02758 0.15232 0.14823 3
20 1.26578 0.18762 0.14823 i~
10 1.54312 0.22874 0.14823 ﬁ
0 1.86861 0.27698 0.14823 X
21 3
o
X

. ;‘:\
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[ T OT

The integral of "B" is illustrated in Table 4 for various values of BMR and n.
With these data the t, time of eq (A7-13) may be calculated.

C P n
1 Pav 2n (B
Vo = to | Ao Vg M 1n [1 + 73] - Ago k(——-i——) Vg (E;) (13)

For an imporous solid cloth parachute canopy, k = 0 and

v,
to = ? I (13a)
AMo Vg M 1In [1 + Tﬂ

Assume a value of t, and calculate the BMR. For the known values of YBMR" and
(1] 11)

n" interpolate "B/t " from Table 4 and calculate t, using eq (13). Figure 8

illustrates a method for limiting the nuwber of required calculations by
plotting the assumed and calculated t, values. The desired t, is the

particular value at the intersection of the plotted data and the locus of the
to assumed equals t, calculated line.

OPENING SHOCK FORCE

If the maximum shock force occurs in the finite mass regime, then the time
of occurrence during the inflation process is determined by:

(t_) . (2_15)” ’
to @ Ximax “

and the maximum shock factor

6/7
16 (21M
Xinax * oo (a ) (A5-10)

The limiting BMR for finite mass operation, see Appendix C, is the mass ratio
which causes the maximum shock to occur when t=t,.

1/7
21M
L= (T)
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TABLE 4. RATIO OF THE INTEGRAL OF EQUATION (A7-13) TO THE INFLATION
REFERENCE TIME FOR VARIOUS VALUES OF “BMR"” AND “n”

B.
% %

1 1
‘o 14+ —-5 .
™\t,

[, R BN WA AT L agdivms 1 SLILN

n
" K3
0.5000 0.8000 0.7000 28000 05000 1.0000 ’
) 0, 010 0. 02727 0. 02102 0. 016460 0. 01342 0.01109 0. 00934
. 0. 020 0. 04193 0. 03426 0, 02039 0. 02366 0, 02033 0.017%
’ 0, 030 0. 03293 0. 04433 0.03778 0. 03292 0, 02836 0. 02479
‘J 0, 040 0. 06001 0. 09243 0, 04336 0, 03909 0, 0318 0.0312%
~ 0. 0%0 0, 046731 0. 03918 0. 0%218 0, 04627 0.04128 0.03704
y 0. 060 0.07311 0. 0os88 0. 03706 0, 05186 0. 04670 0. 0422e
0.07%0 0.07787 0. 06982 0. 06203 0. 05681 0, 05136 0. 040%8
0, 060 0, 08198 0, 07813 0. 06726 0, 06124 0, 09998 0.0%129
0. 090 0. 08358 9, 07793 0.07119 0. 04822 0, 09992 0.09%22
~ 0,100 0. 09976 0. 0013) 0.07474 0. 06691 0. 06338 0. 0%883
R 0.12% 0. 09320 0, 08839 0. 08214 0. 07448 0. 07134 0. Cbes8
- 0. 1% 0. 10039 Q. 0939 0. 08808 0, 08268 0,07773 0,07319
. 0.17% 01« 10440 0, 09849 0, C9294 o, o701 Q. 08307 0.070s7
- v, 200 0. 10794 0, 10223 0, 09700 0, 09213 0, 08739 0, 08234
- 0. 229 0. 11069 0. 10339 0. 0048 0, 095682 0, 09140 0, 09740
- 0. 2%0 0. 11304 0, 10809 0, 10541 0. 09900 0, 00489 0, 09094
'y 0.27% 0.11%10 0 11041 0. 10998 0. 10178 0. 09761 0, 09409
9, 300 0, 11689 0. 11249 0. 10024 0. 16423 0. 10042 0, 09681
: 0. 329 0. 11846 0. 11423 0. 13023 0. 10640 0. 10273 0. 09927
0. 3% 0. 11999 0. 11994 0, 11201 0, 10834 0. 10464 0, 10149
- 0.37% 0.12110 0, 11727 0, 11360 0. 11008 0. 10672 0. 10349
& 0. 400 0, 1222y 0, 51999 0, 11904 0. 11166 0. 10042 0. 10330
P 0. 429 0, 12321 0, 11971 0. 11634 0. 11309 0. 10997 V. 104696
-’ 0. 480 0.12412 0. 12078 0, 11752 0, 11440 0.11130 0. 10849
- 0. 479 0. 124% 0. 12173 0. 11881 0. 11999 0, 11248 0, 16997
_, 0. %0C 0.12972 0. 12261 0. 11940 0. 114469 0. 11380 0. 11118
\ 0. 92¢ 0, 12642 0. 12342 0. 12052 0. 11773 0. 15490 0. 11238
- 0. 3% 0,12706 0. 12417 0, 12136 0. 11869 0. 11601 0, 11348
l 0.379% 0.12766 0. 12485 0, 13213 0, 11952 0. 11696 0.11458
0, 500 0. 12821 0, 1359 0. 1220€ 0. 12023 0.1178% 0. 11943
O 0, 629 0., 12672 0, 12611 0, 133% 0, 12100 0. 11867 0.11632
. ! 0. 6950 0. 12920 0. 12667 0. 13420 0, 12179 0. 11949 0,11717
. 0. 679 0, 12948 0. 12719 0. 12479 O, 12248 0. 12010 0, §179%
- 0, 700 0. 13007 0. 12768 0. 12929 0, 12306 0, 13006 0, 11870
» 0.72% 0. 12046 0. 12014 0. 12568 0. 12366 0, 121%0 0. 11939
» 0. 7%0 0. 13083 0, 12857 0. 12637 0, 12423 0. 12211 0. 12008
W 0,773 0.13118 0. 12099 0, 13604 0. 12474 0. 12260 0. 12048
, 0, 800 0.1%:% 0. 1393? 0. 12720 0, 129523 0. 12322 0, 1127
0, 82% 0.13182 0. 12974 0. 12770 0. 12970 0. 12274 0, 12193
¢, 8% 0.13312 0. 12009 0, 126809 0. 12614 0, 12627 0, 1223
0, 078 0. 12229 0. 13041 0. 12047 0. 126% 0, 12489 0, 12206
N 0, 900 0.1326¢6 0. 13072 0. 12082 O, 126% 0, 1a%1¢ 0, 12334
» 0. 928 0. 13291 0. 13102 0. 12916 0, 12724 0. 123% 0. 12380
. 0. 950 0.13318 0, 13130 0. 12949 0, 12771 0, 12998 0, 12424
K 0.979 0.123338 0.121%7 0, 12960 0, 12809 0, 12634 0. 12446
” 1. 000 0. 13360 0.1319) 0. 13009 0. 12029 0. 1286714 0, 12908
. 1, 300 0. 313693 0. 13%29 0. 13407 0, 13207 0. 13168 2, 130%0
* 2. 900 0. 13806 0. 13711 0, 13617 0, 13324 0. 13422 0, §3340
. 2, %00 0. 13900 0. 17823 0, 13747 0, 126714 0. 13993 0, 13%21
3 3. 000 0.139%4¢ 0. 13899 0. 13834 0, 13770 0. 13707 0. 13644
¢ 3. %00 0, 14010 0. 13994 0. 13890 0, 13841 0. 13709 0, 13733
s 4. 000 0, 14044 0. 13993 0. 13946 0, 12097 0. 12649 0. 13800
= 4, 500 0. 14071 C. 14027 0. 13904 0. 13940 0. 13097 0. 129%4
- 8. 000 0. 14093 0. 14094 0. 14014 0. 13979 0. 13927 0. 1709 g
v 9, %00 0. 14111 0. 14073 0. 14039 0. 14002 0. 1397 0, 13932
v 6, 000 0.141326 0. 14093 0. 14040 0. 14027 0. 13998 0. 1391
. 6. 300 0. 141239 0, 14108 0, 14077 0. 14047 0. 14016 0, 13986 .
: 7, 000 0.141%0 0, 14121 0. 14093 0. 14066 0. 1403¢ 2, 14008
7. 800 0.141%9 0, 14123 0. 14106 0. 14079 0. 14053 0, 14026
E 8. 000 0. 14148 D, 14142 0. 14117 0. 14092 0. 14068 0. 14042
8. %00 0. 14178 0. 14194 0. 14128 0. 14104 0. 14001 0. 14037
7 ®. 000 0. 14161 0. 14199 0. 14137 0.14119 0. 14002 0. 14070
J 9, 500 0. 14187 0, 14166 0. 14143 0. 14124 0. 14103 0. 14082 .
A 10, 000 0.14193 0. 314172 0. 14192 0. 14132 0. 14112 0.14092
4 10, 300 0. 14147 0.14178 0. 14199 0.14140 0. 14121 0. 14102
- 11, 000 0, 14202 0. 14103 0. 14169 0.14147 0. 14129 0, 1410
Pl 11, 500 0. 14206 0, 14188 0. 14171 0. 14133 0. 14136 0, 14118
Pl 12. 000 O, 14209 0, 14192 0. 14176 0, 141959 0. 14142 0. 14135
v 12. 300 0. 14213 0, 14196 0. 14180 0, 14144 0. 14149 0. 14132
2 12. 000 0. 14215 0. 14200 0. 14103 O, 14169 0, 14194 0, 14136
. 13, 900 0. 14219 0, 18204 0. 1418¢ 0.14174 0. 141%¢ 0, 14144
14, 000 0. 14223 0, 14207 0. 14192 0, 14170 0. 14164 0. 14149
A 14, %00 0. 14224 0. 14210 0, 14198 0, 14102 0. 14160 0.141%
- 19. 000 0. 14226 0, 14213 0. 14199 0. 14188 0. 14172 0.14199
-
. LISTED VALUES ARE VALID FOR AlL.L ALTITUDES
-
- 24
v
4
d




NSWC TR 85-24

CALCULATED ¢, (SEC)

ASSUMED t, (SEC)

ASARIN N

FIGURE 8. METHOD FOR LIMITING THE ITERATIONS IN CALCULATING
“t,” BY EQUATION 13
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M = 3T = 0.1905 (for n = o)

BMR's greater than M require that the canopy's elasticity and structural
strength be taken into account. The opening shock is defined again as
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©
()

Where the BMR is the same as before and the subscript "o" refers to conditions y
at the time t,. The point here is that the shock factor is still a fumction

of the BMR and, that for a constant BMR, the shock factors and velocity ratios

are the same at all density altitudes throughout the inflation process. .

Xj = (A9-19)

The maximum shock factor in the elastic range of operation is determined by
the canopy constructed strength, F., and the ultimate material elongation,
tpax* When these properties remain constant, the maximum opening shock is
constant with altitude.

and the maximum sheck force is

F

max = F

8 *imax

The BMR of 2.950 exceeds the finite mass limiting mass ratio, M =0.1905.
Therefore the maximum opening shock force will occur after time t,» and the
constructed radial strength of the canopy and the ultimate material elongation
must be included,

Calculate velocity ratio and shock factor at t=t,.

Vo 1

M-I SR A9-18
VT T L 0.9538 ( )
™
\Y 2 -
X = (ﬁ) = 0.9098 (A10-22)
8

The steady-state drag force of the system at 80,000 feet

26
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1
Fg = 5 x 8,575 x 1075 x 3002 x 721

Fg = 2782 1b.

Initial elongation of radials

’ XoFs 550 1b
&0 * Fo €max where F. = 30 gores x gore

_ 0.9098 x 2782
£o 30 x 550

x 0.22

€o = 000337

From Figure 15 on page (AlOQ)

CpSmax

o5, = 1.07

The ratio of inflation time, tg, to t, is

b (%Dsma%)1/6

to CpSo

tf
- (1.07)1/6

tf
— = 1.01134
to

The maximum shock factor at t¢

b ¥ = 3
MR v 0 [ree 2
Vo ' TH |\t T

. in’ o2 ted s ten s o AR - e Bta_ s
1o kostb st RO A NSO WA O PTG S A ST IILEY e S e

(A10-24)

(A9-19)

ﬁ
b
g
\
h
g
{
f
18
h
h
A
[
x
A




NSWC TR 85-24

Ximax N N 776 2
. * TX2350 [‘1-07’ -t

Ximax = 09661

The maximum shock force is

Fpax ® Fg Ximax -
Poax = 2762 x 0.9661

Fpax = 2688 1b

COMPARISON OF OPENING SHOCK FORCES AT 80,000 FEET AND AT SEA LEVEL

It has been shown that the velocity ratios and shock factors are a function
of the BMR, canopy constructed strength, and ultimate material elongation. If
these quantities remain constant for all alternate altitudes and the tests are
conducted at constant dynamic pressure, the sea level opening shock force is
exactly equal to the shock force at 80,000 feet. The inflation times over which
the forces are generated vary widely, but the maxima are the same. This effect
is illustrated in Figure 9. When the drag area, velocity and dynamic pressure
ratios, shock factor, and force are considered as a function of the time ratio,
t/ty, the performance during inflation is identical for all altitudes as shown
in Figure 10.

EFFECT OF TEST METHOD ON CANOPY STRESS DISTRIBUTION

A truly effective alternate altitude test technique shnuld provide a stress
distribution during inflation which is the same as the stresses at the original
altitude. The drag-area signature is associated with a definite inflated
geometry at each t/t, during inflation. Since the drag-area signature is
independent of altitude, the associated geometry and pressure distribution are
likewise independent. Use of a constant BMR at alternate altitudes means that
the instantaneous dynamic pressure ratio is the same at all altitudes. At a
given t/ty, CpS/CpS, is constant aud therefore the geometry, r/r,, is
constant, and q/qg is constant.

o™ APr

o=Cp qr
av

28
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2600 —

2000 i~ 80,000 FT SEA LEVEL
F___=26881.8 F___=2688 L8

to = 0.284 SEC to = 1.736 SEC
1800 | t, = 0.287 SEC t, = 1.766 SEC

1600 —
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FIGURE 9. COMPARISON OF OPENING SHOCK FORCE VERSUS INFLATION REFERENCE
TIME AT 80,000 FEET AND SEA LEVEL
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The C is constant with altitude, then at a given t/t,,
Pav °

o= 1(s,, )&) (52
| o= 1 )62 (5)

980
Oalt

The stress distributions are identical for all altitudes.

ALTERNATIVE ALTITUDE TEST METHC.

Reduction of the required test altitude is accomplished by an increase in
the system mass and lowering the test velocity to waintain constant dynamic
pressure. In example 2 the test goals may be achieved near sea level conditions
if a test weight of 8048.6 pounds and a test velocity of 57 fps (38.9 mph) were
used. The problem is to find a test vehicle which can lift that much weight at
such a low velocity. Helicopters are one possibility; however, the effects of
the rotors may affect test performance. Another possibility is the use of a
truck with a tower mounted on it irom which the test mass could be pulled during
parachute deployment. For a parachute test altitude of one D, from the lower
hem of the parachute to the ground, a tower with a parachute centerline height of

Dy + a = 46.4 feet above the ground is required. A test rig like this may not
be the most desirable system from the standpoint of personnel safety and tower
wake effects. A third possibility is the use of a sled track where the test
assembly can be launched frow the edge of a cliff into undisturbed air.
Barometric and temperature sensors permanently placed in the test area can
provide a continuous monitoring of the test density altitude for correct vehicle
weight and test velocity. The test vehicle can be built slightly under the
programmed test weight and ballasted prior to the test for the proper mass for
the test dengity altitude. The test mass is accelerated to a planned velocity
by a truck type of reusable pusher. Upoa braking the pusher disengages from the
test mass which slides off the track muzzle at test velocity. A possible
scenario is ghown in Figure 1ll.

) At sea level the equilibrium velccity of the system is:

. [*]

i ve ;CDSO

e V. - 2 8048.6
! e 0.002378 * 7721
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Ve = 96.9 fps

and the on-board instrumentation must be shock mounted for impact velocities
between 57 fps and 96.9 fps with consideration for the type of terrain to be
encountered.

CARGO APPLICATION

Example 2 illustrated a method for performing high altitude parachute tests
at lower altitudes. The alternate altitude testing proposition may also be
extended to heavy cargo weights tested at low agltitude and velocity. The
possible advantage is that cargo weights, which require C-130 or similar
aircraft as launch platforms, can be reduced to sizes which can be flown on
aircraft that have multiple parent station wing racks utilizing existing test
vehicles. The approach to testing parachute systems at higher altitude and
velocity with lower system mass is similar to example 2, but in reverse. The
method of analysis is similar to example 2 where for each altitude a particular
system mass and test velocity are determined which maintain a constant BMR and
hence maiuntain a constant opening shock force and canopy stress distributions.
Some of the questions to be addressed are:

1. Does the increase in test altitude introduce unacceptable complexity in
the data-acquisition process?

2. How is the required test altitude affected by system mass?

3. 1s the required test dynamic pressure compatible with the available
test aircraft?

Example 3 illustrates a typical analysis.

Example 3 - Various cargo weights of 4,000, 6,000, 8,000, and 10,000 pounds are
to be delivered at 100 knots near sea level density altitude. The retardation
system contains a solid cloth type parachute of Do = 135 feet diameter.
Determine the alternate altitudes for aircraft with parent rack load capability
of 2,400 and 3,000 pounds. The parachute geometry is taken as:

[ ]
2a 0.668; §= 0.6214; % = 0.7806; §= 0.827
DO a a a
Therefore:
a = 45.090 ft; b = 28.019 ft; b' = 35.197 ft; N = 37.289 ft

. 12 2
bo = Aso = ZO_DO 14,314 ft
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c S, = 0.75 x §_ = 10,735 £t?
(o] [¢]

2
A, " 8% [1 - (3‘-/—‘—-'—"/—‘) ]- 5,944 ft2 (12)

b'/a
[}
v = 1,88 [9 + P—] = 269,183 ft- (Al4-31)
; -0 3 a a
k = 1.46
Cpay = 1.7

a. Use Equation (A7-14) to determine the sea level inflation distance.

gey, %o
172
. _law 2w ) Cpp
Ys% " mC 5. | Ao "SO"(z) -1

b. Calculate BMR from Equations (A4—-6)

2W

pgvstoCDso

c. Calculate the required weight and inflation distance at other
dengity altitudes.

goV C.S

| W= “0 D%
' 1/2 (8)
: 1 -A, k Cpp
Zln[l + ™ A“Mo So ) )
1n [1*1—-]
DL L ™) 4 (9) .

ST o ngDSo

‘ d. Calculate the required test velocity at other density altitudes

o

Vst = Vs Yoo

S A T D TSN i A W I T W DU S AT AR/ A N R I T P T WO T S S T S N
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e. Calculate the reference inflation time at the particular density
altitude.

. Vs1to

t
o Vg

f. Calculate the time of occurrence of the meximum shock force during
- the inflation process

1

t «[21M 7
t 4

o

@ximax

g. Calculate the maximum shock factor during the inflation process

6
. o6 (2m)’
imax 49 4

h. Calculate the maximum shock force

[ 2
oV
Fmax ximasz ximax 2 SL CDSo

The sea level characteristics of the various weights are tabulated in Table 5
and the effects of density altitudes up to 60,000 feet are plotted in Figures
12, 13, and 1l4.

TABLE S. SEA LEVEL PARACHUTE SYSTEM CHARACTERISTICS FOR THE VARIOUS S§YSTEM WEIGHTS OF

EXAMPLE 3 Y
s
WEIGHT INFLATION BMR V100 X; max Xi max MAXIMUM
Ib. DISTANCE FORCE
) ft. Ib.
4000 16,962 5.748 X 10-4 .43647 2.268 X 103 833
6000 3,953 3.698 X 173 .56943 1.113x10°3 4108
8000 2,018 9.665 X 10-3 .85311 2.634 X 10-2 9348
10000 1,381 1.764 X 10~2 .71187 4.249 X 10~2 15670
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The weights required to maintain a constant BMR for altitudes from sea
level to sixty thousand feet are presented in Figure 12. Aircraft with parent
station racks of 2,400 pounds can test equivalent sea level weights of 4,000 and
6,000 pounds at approximately 15,500 feet and 26,500 feet, respectively. The
sea level 8,000~ and 10,000-pound equivalents require altitudes which are most
likely unacceptable. An increase in parent rack capability to 3,000 pounds
reduces the test altitudes for the sea level 4,000~ and 6,000-pound equivalent
weights to approximately 9,000 and 21,000 feet, respectively, and includes the
8,000-pound weight at approximately 28,500 feet test altitude. For these
altitudes, long focal length ground-to-air photographic coverage and one or more
chase aircraft for close up photographic coverage are required. The question of
additional cost hinges on whether the photographic equipment and chase aircraft
would or would not have been used in the C-130 low altitude tests.

The effects of density altitude on the inflation distance are presented imn

Figure 13, while the inflation reference time and test velocity are presented in
Figure 14.

The problem in this example is the availability of an aircraft that can fly
at a sea level dynamic pressure for 100 knots.

IMPULSE AND MOMENTUM DURING PARACHUTE INFLATION

Another approach to parachute opening dynamics is the use of the impulse
imparted to the system by the varying forces during the time of canopy
inflation. In this section a method has been developed for determining the
average shock factor during the unfolding and elastic stages of inflation. The
average shock factors are constant with altitude for constant BMR and n. The
author is not fully satiafied with this analysis but presents the method as a
different approach to the use of canopy inflation impulse,

For deployments where the BMR is lees than M;, the inflation time, tg, is
equal to the reference time, t,+ When the BMR exceeds the M;, an additicnal
impulse is imparted during the time from t, to tg as shown in Figure 15. 1In
the general case where n is not zero, the i1mpulse in the interval 0<t<t,

is:
v
[
8

o |

t
f—th-
(o]

F = Fgx{

cps (v \2
X< B e— o—
x CDso Vs




NSWC TR 85-24

1
A
4
i
b

=0+,

‘NN SN O SR <" " DT
FORCE (LB)

[ | >
dt —-"<— o Y
TIME t (SEC)

FIGURE 15. IMPULSE OF THE INFLATING CANOPY OF EXAMPLE 2

RS T RE AR

) The drag-ares and velocity ratios may be expressed as functions of time ratio
and initial drag-area ratio. Therefore the impulse at any time t<to is as
& follows:

Using x; for the general case in the unfolding phase of inflation.

t t 6 t 3
(1-p)2 (?') + 2n{l-n) (E‘) + an dt v
- P / 9 Q - Y f dav
8 2 7 4 2 g
1]A-n)" (¢t n(i-n) (¢t P Ve
o |1+u [ 7 to/ * 7 2 \t,/ * "\t
wv

NFRA e i

Tz - Mte
~
by 6 3
v t t t \ .
t.- oot () s (£« ] v
. / -2 2 7 = Mto ( - —) (14)

l[(l.-n)2 5_7 n(1-n) L4 2 L) Ve -
o 1+uL 7 to] 2 \ty) * "\t i

At any time ratio the average, x;,,, may be considered as the area under the
xj = t curve divided by t,
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3
. p [1 )2 ) + 2n(1~n) (t ) + nz] dt v
‘o o
Xigy ® T =Ml - (15)
lav ¢ / _l;[(l' a-p? ( ) (1__ ) __4 , .t_.) 2 ( Vs)
M ( M.

to

t

where

V. 1
Vs (1- n) 7 n(l-n) (t 4 t
1*»1 2 (%) - % (—) * 2 (?;)

The average shock factor in the unfoiding phase of inflation when t=t, is

vo 1
8 l.[(l—q) n(i-n) é]
L+ |7 72 *n

For the special case of a=o0

¢ \®
to (E—) de
o

-1
Xiav tg f . 72 (19)
o] 1 + — .t'_.)
(5
M
Xiav * 7y +1 (20)

For a constant BMR and n with altitude, the xj,y, is constant for all
altitudes, Once the x;,, is evaluated at the initial altitude it may be used

at any other altitude., The impulse of the deployment will vary since t,
varies with altitude.

41
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When the BMR is larger than M; an additionel systcm impulse is imparted

between L,<t<t¢.

where
y . 1 -
Vs A\ 1 t 7
Vo "M |\tg) T

and V,/Vg is defined by equation (18)

At t=t¢
6
S (v I v v
Xiav * ¢ v 27 7" M (Vg "62)
8 . 1 t 8 s
"o [V: *TH[(TO) ‘]]
where

v’ v—’.;l— _t_f.7..)
Vo M |\t,

The time ratio tg/t, is also constant with altitude

t=0 t=t¢
Xjav Total * Xiav + Xiav
t=0 t=ty
vo vo Vf
Xiav Total = M (1‘-‘-,-:)4-)!(‘,—8---\7‘-
42
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Ve
Xiav Total = M TV (25)

The toktal system iwpulse, shown in Figure 16, may be considered to be a
rectangular wave form which is more couvenient to use as a basis for
calculations than the usual force~time representation of the inflating parachute.

IMPULSE = F,X;q,

::).':’ALA Yiev,
P )
S
o -
Q
S ook =4
¥ ’ - S
[V
HX Xiav 8 g
w ! P ul
¢ - 0<t<t, ) ®
x L
> P
<
(] | | | 1 .
0 0.1 0.2 0.3 1.8 1.9
INFLATION REFERENCE TIME
t, (SEC)

FIGURE 16. EFFECT OF ALTITUDE AND INFLATION REFERENCE TIME ON THE
IMPULSE OF THE INFLATING CANOPY OF EXAMPLE 2
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CONCLUSIONS

The theoretical development of the alternate altitude testing technique has
demonstrated the feaseability of the idea. The Ballistic Mass Ratio meets the
criteria for & genuine performance scale factor because it directly or
indirectly affects all the elements which define the parachute inflation .
process. Although the theory was directed to solid cloth parachutes, it also
applies to other decelerator types. For other deceleratore the important point
is to express the parachute inflation distance (Vgt;) as a function of .
densicty altitude and adjust the required weight to maintain a constant BMR.
Testing at a constant dynamic pressure and a constant BMR at any density
altitude produces the same maximum opening shock force and stress distributiom.
The time ratio (t/ty,) at the time of the maximum shock force occurence duriag
canopy inflation remains constant, although the perachute inflates more rapidly
as altitude increases. When viewed from the time ratio aspect, the system
geometry, instantaneous shock factor, velocity decay, dynamic pressure
variation, gore pressure distribution, average pressure coefficients and stress
distribution are the same for all altitudes.

Limitations to alternate altitude testing are evident in the extreme weight
and low velociry required in example 2 and the low dynamic pressure required in
example 3. However, there is a wide range of applications between these
examples where alternate altitude testing should be a viable approach.

A method of addressing the impulse and momeantum of an inflating parachute

canopy was also derived. The average shock factor during canopy inflation was
shown to be a function of the ballistic mass ratio.
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Abstract

An analytical method of calculzating
parachute opening-shock forces vased upon
wind-tunnel derived drag area time sigra-
tures of several solid cloth parachute
types ir conjunction with a sczle factor
and retardation system steady-state param-
eters has been developed.  Methods of
analyzing the inflation time, geormetry,
cloth airflow properties and materials
elasticlity are included. The effects of
mass ratio and altitude or the megrnitude
and time of occurrence of the maximum
opening shock are consistent with observed
field test phenomena,

I, Introduction

In 1965, the Naval Ordnance Laboratory
(NOL) was engaged in a project which
utilized a 35-foot-diameter, lO0-percent
extended-skirt parachute (type T-10) as
the second stage of a retaraztion system
for a 250-pound payload. Deployment of
the T-10 parachute was to be accomplished
at an altitude of 100,000 feet. In this
rarefied atmosphere, the problen was to
determine the secornd stage deployment
conditions for successful operation. A
search of avallable field test irformation

N indicated a lack of data on the use of
solid cloth parachutes at altitudes above
30,000 feet.

The approach to this problex was as
follows: Utilizing existing wind-tunnel
data, low-altitude field test data, and
reasonable assumptions, a unique engi-
neering approach to the inflation time
and opening-shock problem was evolved that
provided satisfactory results. Basically,
the method combines a wind-tunnel derived
drag area ratio signature as a function
of deployment time with a scale factor and
Newton's second law of motion to analyze
the velocity and force profiles during
deployment. The parachute deployment
sequence is divided into two phases.
first phase, called "unfolding phase,"
vhere the canopy 1s undergoing changes in
shape, is considered to be inelastic as
the parachute inflates initially to its
steady~-state aerodynamic size for the
first time. At this point, the "elastic
phase” 1s entered where it is corsidered
that the clasticlty of the parachute
materlals enters the problem ard resists
thre applied forces until the canopy has
reached full inflation.

The

The developed equations are in agree-
ment with the observed performance of
solid cloth parachutes in the field, such
as  the decrease of inflation time as
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zltitude increases, effects of altitude o~
cpenirg-shoek force, firite zrd infinitle
mass oparation, ard inflaticn distarce.

Developrment of Veloclty Ratio and
Force Ratio Equations During
the Unfolding Phase of
Pazrachute Deploymert

II.

The parachute deployment would take

place ir a horizontal attitude irn accord-
ance with Newton's second ‘law of motion.
ILF = ma
1 2 W dv
- = pVeCS = 2 21
2P "D g dt

It was recognized that other factors, such.
ag inecluded alr . mass, apparent mass, and
thelir derivatives, also contribute forces
acti 7 on the system, Since definition

of tuese varameters was difficult, the:
analysis was conducted in the simplified
form shown above. Comparisorn of calculated
results and test results irdicated that
tnhe omitted tarms have . a small effect.

t . .
5. -2 {4y .
CnSdt = = (1
I D og - Ve ( )
o
Mﬁltipl irng the right-hand side of egua-
tion (1¥ oy
- vstoCDSo
. VstoCDSo
and rearrangirig
£
CnS
ij D™ 4t
t C.S )
o Jg L~ o
v
- 24 J‘ qv
=== v | & ()
— s 2
PsVStQCDSo v v
. 'S

In order to integrate the left-hand term
of equation (2), the drag arsa ratio must
te defined for the type of parashute under

A-2
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arnsiysis as & sunction of deployment
ravarance tlne, tg,

-~ UNFOLDING PHASE ——r— ELASTIC PHASE

1.0

wNhm

0 1 L

TIME RATIO t/t,

FIG. 1 TYPICAL INFINITE MASS FORCE-TIME HISTORY OF A
SOLID CLOTH PARACHUTE IN A WIND TUNNEL

Figure 1 illustrates a typical solid .
clotr parachutes wind-tunnel infinite mass
.force-time history after: snatch., "In .
irlinite mass deployment, -the maximum size
ard. maximum shock: force occur - ‘at: the time
o; full. 1n’1auion,,tf. Hovever, teis.

irsppropriate .for analysist since itiis® [l
desendent upon’the applied load, structural
surength .and. "aterials elasticity. The .~
re’erence. tims, t., ivhere’ tnevparachute *has
“attained 1its. steagy-state ‘aerodynamic:size;
for the first. time; is used: ‘as: the basis for
perormance czlculations. S

At any inst ant during the unfolding
pras2, the force ratio F/Fq can be deter-
mired as a function of the tire ratio,

t/‘c.

-_1 2
T ==pVYCLS
5 D
S -
s ?p E CDso

Since the wird-tunnel velocity and density
ars constant during infinite mass deployment
r _ %o
FS CDSo
150-
F 100
e oo
o] e T i i ———
0 0.10 0.20
TIME (SEC)

FIG. 2 TYPICAL FORCE-TIME CURVE FOR A SOLID FLAT PARA.
CHUTE UNDER INFINITE MASS CONDITIONS.

A3

40 o C .
f200 | _ N N

(Le) W
120 / N i
: K S e :
0____...___-_..»—-.-—-;-——-" OUE e s -
[+] . 010 0,20 0.30
E : TIME {SEC)

" REPRODUCED FROM REFERENCE (1)

FiG. 3 TYPlCALzFORCE-fIME CURVE FOR A 10% EXTENUED
SKIRT PARACHUTE UNDER INFINITE MASS CONDITIONS.

1:0%
!
-F 1001 .
UL
Clogli I
o 006 010. 020 030 :
; . TIME (SEC),

. REPRODUCED FROM REFERENCE (1) o
FIG 4 TYPlCAL FORCE-TIME CURVE FOR A PERSONNEL
GUIDE SURFACE PARACHUTE UNDER INFINlTE
MASS CONDIT!ONS :

008 - 012 0.16

TIME (ssm

0.04 -
FIG 5 TYPICAL FORCE-TIME SIGNATURE FOﬂ THE ELLIP’ﬂCAL
PARACHUTE UNDER INFINITE MASS CONDITIONS ’

0.04 0.08 0.08
TIME (sEC) e

0.02

FIG. 6 TYPICAL FORCE.TIME SIGNATURE FOR THE RING
SLOT PARACHUTE 20% GEOMETRIC POROSITY UNDER
INFINITE MASS CONDITIONS

Trfirite rass opening-shock signatures
c? several types of parachutes are pre-
sented in Tigures 2 through 6. Analysis
o <resgs s*'na‘ures usirg tha force ratio,
T/T., - tire rztio, t/to, technique
"~§c= t2d4 2 sirilerity in the performnance

of +re various sclid cloth types of
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parachutes which were examired, The geo-
metrically porous ring slot parachute
displayed a complately different signaturc,
as was expected. These data are illus-
trated in Figure 7. If an initial vourdary

2'2 “f

o]

1.8 | S—
~——EQ. 4, =0
——€EQ.4 9=02

1.6 f=—— © PERSONNEL GUIDE SURFA
| O RING SLOT CANOPY

1.4 4 ELLIPTICAL CANOPY
o O SOLID FLAT CANOPY
QQ 12 X 10% EXTENDED SKIRT
]
Uo @ o
" =]
&- 1.0 3
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o | 4
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tho

FIG.7 DRAG AREA RATIO VS. TIME RATIO

condition of CDS/CDSo = 0 at time t/t° =

is assumed, then, the data can be approxi-
mated by fitting a curve of the forr

(o 6
oot (1) (3)
CpS, to

A more realistic drag arez ratio expres-
sion was determined wnich ircludes the
effect of initial area at lire stretch.

~

R (SRS R

D o

vnera n'ls the ratio of the projected
moath ares at line stretch to the steady-
stalte projected frontal aren. Expanding
equation 2&)

YT o

At the tirs that equaticn (5) was ascer-
tained, 1t suggested that thz geometry of
the deploying parachute was independent
of density and velocity. It was also

pos,ula+ed that altnougﬂ this expression
had been determined .y the infinite mass
condition, it would also ke true for

the finite rass case. "nis rhenomenon
has sirce been indepern de“tlv observed and
confirmed by Berndt and Z2 ii=ese in
reference (2).

Since tne drag arez rztio was determined
from actuazl pzrachute deploymsnts, it was
assumed that the effects o apparent mass
and irclud=d mass on the derloyment force
history were accommodated.

The right-hand term of equation (2)
contains the expression

—M o (6)

This term can be visuallized as shown in
Figure 8 to be & ratio of the retarded
mass (includirg the parasrute) to an
asscclated mass of atmosphere contalined
in 2 right circular cylirder walch is
gererated Ty moving an 11:1a:ed sarachute
of area Cpi, for a distancs egual to the
product of Vgtg through an a%mosphere of
dersity, o.

CYLINDER
FACE AREA

S
/w; W
pgv ] cho

FIG. 8 VISUALIZATION OF THE MASS RATIO CONCEPT

The mass ratio, M, is ihe seale factor
which controls the velocity zrd force
profilss durirg varachuie '=:;o""ﬂ"
Substituting M and CDg/C So to equa-~
tior. (2), irtegratirg, and solvirg for

‘r/

1

ot [0=n?(dY nt1-mfeY e (")
M 7\ 2 o) "y

<|<
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The instantaneous shock factor is defined
as

1 .24
Xj_ = _F = ;P i CDS
F 1 2
8 5pVgCpS,

If the altitude variation during deployment
is small, thern, the density may be consid-

ered as constant
CDS (ji):z
CnS v./

Do s

Xi=

from equatiors (5) and (7)

(1~ n)’(—%)g +2(1 -n)(%)a + 72 8

LI )
a-m2/eY at-afe) (2
[H"‘[ 7 ('-)+ 2 \'-) o '.][

ITI. Maximum Shock Force and Time of
Occurrence During the Unfolding Phase

The time of occurrence of the maximum
instantaneous shock factor, X3, is difri-
cult to determine for the general case.
However, for mn = 0, the maximum shock
factor and time of occurrence are readily
calculated. For n = 0

L)
2T

Setting the derivative of Xy with respect
to time equal to zero and solving for
t/t° at Xy poo

C.S
S D
: 5o oty
t\ _ [2m\7 (9) o “D%
to} @ %4 max 4 '
¢. Since the suspension linesin the
urpressurized area of the canopy are
straight, a pressure differential has not
and the maxirum shock factor is developed, and, therefore, the net 2ir-
6 flow in this zone is zero. L
x _ }é 21 7 10 . Based on the for?going assuwptions,
1 max — 49 \ 4 (10) the mass flow equation can be written
| dn = m inflow - m outflow
Equations (9) and (10) are valid for value.
of M s 1 (0.19), sirce for larger values av
of if, the mexlzum shock force occurs in p == = pVA, - PASP
the elastic phase of inflation. dt
R B e N LN N Y N TR O D TR R NPEERETRS

Filgures 9 and 10 illustrate the velocity
and force profiles generated from esguations
(7) and (8) for initial projected area
ratios of n = 0, and 0.2 with various mass
ratios.

IV. Methods fer Calculation of
the Reference Time, 1,

Tne ratio concept is an ideal method to
zralyze the effects of the various pnram-
eters on the velocity and lorce profiles
of the opering parachutes; however, a
reans of calculating ty-is required tzfore
specific values can bte computed. liethods
for computing the varying mass flow irto
the inflating canopy mouth, the varying
ress flow out threugh the varyings inflated
carnopy surface area, and the volume cf
air, V_, which must be collected during
tre inflation process are required.

Figure 11 represents a solid cloth-
type parachute canopy at some instant
during infletion. At any given instant,
the parachute drag area is proportionzal
to the maximum inflated diameter., Also,
the maximum diameter in conjunction with
the suspension lines determines the inflow
mouth area (A-A) and the pressurized
cenopy area (B-B-B). This observation
provided the basis for the following
assumptions. The actual canopy shape is
cf nminor importance.

a2, The ratio of the instantaneous
mouth inlet area to the steady-state
routh area is in the same ratio as the
instantaneous drag areca. '

e R
CDSo-

Mo

b. The ratio of the instantaneous
pressurized cloth surface area to the
canopy surface area is in the same ratio
s the instantaneous drag area.

IR
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$HOCK FACTOR AND VELOCITY RATIO DURING THE
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FIG. 11 PARTIALLY INFLATED PARACHUTE CANOPY

From equetion (3)

CnS 6
_D——n(L) 5‘.01'715.10
CDSo to
From equation (7)
v
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™ L

From equstion (26)
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A-7

tO
~ on
oM’ t ° Ve
-Ag kK (~- (—) e NN, R
N 2 t 1 (c)
[¢] 1l +-—=1—
1\t
o T o (2.2)

Irtegrating:

. 1
lO A.Movsto“ in [l + ?';]

2n
v
8 dt

o 1 +-l-(-!:--)7
o ™ to (13)

Measured values of n indicate a data
range from 0.574 through 0.771. A
convenient solution to the reference time
eguation evolves when n 48 assigred a
value of 1/2. Integrating equation (13)

and using
v

LGy

&p D o

v CnS

LET K, = 8o |_ Do
2u cp\1/2

AMo - ASok 2
K
t, =l 2y (14)
gPVQCDSO

Equation (14) expresses the unfolding
reference time, t,, in terms of mass,
altitude, snatch velocity, airflow char-
acteristics of the cloth, and the steady-
state parachute geometry. Note that the
term gpV /W is the ratio of the included
air mass to the mass of the retarded
hardware. Multiplying both sides of
equation (14) by Vg demonstrates that

V.t

gto = @ constant which 1is

a function of altitude

Figures 12 and 13 indicate the para-
chute unfolding time and unfolding
distarce for values of n = 1/2 and n =
0.63246, tHote th. .-viation and conver-
gence with rising altitude. The opening-
shock forece is strongly influrnced by
the irflation time. Because of thls, the
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value of t, calculated by using & real-
istic value of n should be used in the
lower atmosphere.

As ar example of this method of opening-
shock analysis, let us examine the effect
of altitude on the opening-ghock force of
a T-10-type parachute retarding a 200-
pourid weight from a snatch velocity cf
Vg = 40O fret per second at sea level,
Conditions of constart velocity ard con-
stant dynamic pressure are investigated.
The rcsults are presented in Figure 14.

At low altitudes, the opening-shock force
is less than the steady-state drag force;
however, as altitude rises, the opering
shock cventually exceeds the steady-state
drag force at some altitude. This trend

is in azreement with field test observatiars.

V. Correction of t, for
Initial Area Effects

The unfolding reference time, t,,
calculated by the previous methods assumes
that the parazhute inflates from zero drag
area. In reality, a parachute has a drag

100

” -

CLOTH MIL-C 2020; TYPE 11!
26 FOOT; 10% EXTENDED SKIRT CANGPY

80 = c' =118
e 7}
w
w
-
> wf

Y
g
g sof
£ CONSTANT VELOCITY, 400 F.P.5.
g ol CONSTANT DYNAMIC PRESSUAE
E a- 190 L8/FT?
<

220pr

20}

10+ ..

—d
0 02 0.4 e o8 .0 12

UNFOLDING TIME ($EC.)
.0

FIG. 12 EFFECT OF ALTITUDE ON THE UNFOLDING TIME
"1g AT CONSTANT VELOCITY AND CONSTANT
OYNAMIC PRESSURE FOR n* 1/2 AND n= 063296

CLOTH MIL-C-7020, TYPE Il
35 FOOT; 10°. EXTENDEOD SKIRT CANOPY

100 Cpr 135

- EQUATION (13}
n - 0683248

CONSTANT VELOCITY =
e A00FPS.
AND
o -CONSTANT
- DYNAMIC
PRESSURE

q= 190L8/F12

ALTITUDE (THOUSANOS OF FCET)
Y

”

0| 7
€QUATION (\4) n= 3
r-
o - ol
0 100 200 300
' UNFOLDING DISTANCE (PEET)
Vit

£1G. 13 EFFECT OF ALTITUDE ON THE UNFOLDING D1S-
TANCE AT CONSTANT VELOCITY AND CONSTAN)
DYNAMIC PRESSURE FOR n= 1/2 AND n = 0.63246.

100

J
MAX
Y/

A

~= =~ CONSTANT
DYNAMIC
PRESSURE

——— CONSTANT
VELOCITY

ALTITUDE (THOUSANOS OF FEET)

-------——-—;---

1
100 200
FORCE (THOUSANDS OF POUNDS)

FIG. 14 VARIATION OF STEAOY-STATE DRAG. F, AND MAXI-
MUM OPENING SHOCK WITH ALTITUDE FOR CONSTANT
VELOCITY AND CONSTANT DOYNAMIC PRESSURE

area at the beginring of irflation. Once
to has been calculated, a correction can
ve applied, based upon what is krown about
the iritial conditions.
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Cace A - "nen <re initial projected
area is known

. - 1/4
~f
t, = — t
t (A ) %calculated

he

1/3
= (1 - t
Ocorrected (Ac ) Scalculated

t

(15)

Case B - When the initial drag area
is known
CpSy (tt)
- —
cho to

. 1/6
g - (chl)
CDso

6

o
calculated

1/6

C.S
to =1 - to
corrected CDSo calculated
(16)

Tne mass ratio should row be adjusted for
the corrected ., before velocity and force
profiles are delerpired.

VI. Openirg-Shock Force, Velocity Ratio,
and Inflation Time During the
Elagtic Pnase of Parachute Inflation

The mass ratio, M, is an important

parametsr ir parachute analysis. For
. values of M << 4/21, the maximum opening-

shock force occurs early in the inflation
process, and the elastic properties of
the canopy are rot significant. As the
rass ra-io zpproaches M = 4/21, the
ragnitude o? the opening-shonk force
ircreases, a~d the time of occurrence
happens later in the deployment aequence.
For mass ratios M > 4/21, the maximum
sheok fore: will occur after the reference
time, tog. Parachutes designed for high
rass ratlo cperatior must provide a
structure of sufliclert constructed
strength, F., 8o that the actual elon-
gation of tn2 canopy urder load is less

than the maximum extensibility, ¢ of
the raterials. > Tmax?

Davelopment of the analysis ir the
elastic phase of inflation is sirm!lar to
the technique used in the urfoldirg phase.
ilewtor.'s second law of motion is us=d,
togetrher with the drag area ratio slgna-
ture and mass ratio

CBS ( t )6
- —
CDso to

“riich 18 still valid, as shown in Figure 7

t v
6
2 LY at-v =av
Mt t 8 ve
o) t [o) v

° o
Integrating and solving for A
Vg
1
v ow /e V7 an
s ;'.4‘_1- (.L)-l
Vo ™ t,

\.’
wnere -2 18 the velocity ratio of the

)

unfolding process at time t = t,.

<<

o . 1

\ 2

& 1+l LL:.’.IL...ILQ_:.IL)..,.,‘?
M 7 2

(18)

The irstantaneous shock factor in the
elastic phase becomes

PR (1)2

CpSo \Vs

()
Xy me—nn 2 — (19)

2
v 7
_"+.:.".. (L)-l
Vo ™ to

The end point of the inflation process
deperds upon the applied ‘loads, elasticity
of the canopy, and the constructed strength
of the parachute. A linear load elo:.gation

A9
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relationship is utilized to determine the
maximum drag area.

e . Imax
F Fc
Fec

¢ = - (20)
FC

The force, F, i8 initially the instanta-
neous force at the end of the unfolding
process

F = X.Fg (21)
where Yo i8 the shock factor of the
unfolding phase at t = t,

X = 1
o > 2
1 +1 [Ll -n)° ,nQd -1n), n2]
M 7 2
(22)

8ince the inflated shape is defined, the
drag coefficient 1s considered to be
constant, ard the instantaneous force is
proportional to the dynamic precsure and
projected area. The maximum projected
area would be developed if the dynamic
pressure remained constant during the
elastic phase, Under very high mass
ratios, this 1is nearly the case over this
very brief time period; but as the mass
ratio decreases, the velocity decay has
a more significant effect. The simplest
approach for all mass ratios is to
determine the maximum drag area of the
canopy as if elastic inflation had
occurred at constant dynamic presgure.
Then utilizing the time ratio determined
as an end point, intermediate shock
faztors can be calculated from eguation
(19) and maximum force assessed,

The initial force, XoFg, causes the
canopy to increase in projected area. The
new projected area in turn increases the
total force on the canopy which produces
a secondary projected area increase. The
resulting series of events are resisted
by the parachute materials. The parachute
mugt, therefore, be constructed of suffi-
clent strengtin to prevent the elosngation
of the materials from exceeding the
maximun elongation.

X F
e =-28 ¢

° F; max (23)

Tne rext force in the scries at conctant q

A
Fl = XOI-‘ Z—
c

wnere

A
1 2
.—=(1+‘°)
c

Subsequer.t elongations ir the system can
be showr. to be

2
€L = €5 (1 + )

2,2
Co =65 (1 + ¢, (1 +¢,)°)

The required canopy corstructed strength
can be determined for a giver set of
deployment conditions. Tae liziting value
of the series (¢;) determines the end
point tire ratio.

t.\6 ¢S
(_r) - Dmaxn(l_;_cl')?

t, CDSO

(- (2 -

to CDso

(24)

Figure 15 illustrates the raximum drag
area ratio as a function of €5

T T l!{.;.. gug sspuas

SRR i .

sHpsl o
SOSSRERES ;:!:. Tt 5
.--',...;l B - 4
sSSOANE RS R RSSERRRSRNy A8 § § 8 & bu
--- 4. ....;TJ i b [y gy 44

g b Tpepopadii oty 'qu'jf'T

© E_._._.- + .U [ oL [ ++

e — e TS 1 SN, --1-1_.-].-4»-..» -
e bt b b § e b4 + PPN N S
_mf-i4lé¥ N g9 oSS

. R R b e ooy} 44

! —:.::1 o i: Fiv oTLUT i_

¥ porar=es | Ll e )

d¢ =Ty 1:1&
R lEs e R SRR 3 S .J
USRS SUSS S5 N GERNN IO -
p— > "4_Lj-i:‘"" it e, X,F.amnﬁ
- il :
—4 - g}o t L S . Fc 4
— - - ..1 B 0‘--' Vo L 4
""’“[f -}- +f"'-"-"," 1.4
Rl iR S8 &0 S SEEE Rl 1
0 0.1 0.2 0.3
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VII. Application of Cloth Permeability
to tr.e Zalculation arf the Inflution
Tire of Solid Clctih Parachutes

The mass outfloy through the pressur-
1zed regior: of an inflezing solid cloth
parachute at any instart is dependent upon
the canopy area whick is subjected to air-
flow and the rate of airflow through that
area. The variation of pressurized area &as
a function of reference time, t,, was
earlier assumed to be proportional to the
instantaneous drag arec ratio, leavirg the
rate-of-air{lowr problerx to solve. The
permeability parameter of cloth was a
natural choice for determining the rate of
airflov through the cloth as a functioa of
pressure differential across the cloth.
Heretofcre, these data have been more of
a qualitative, rather than gquantitative,
valus. A new method of analyslis was
developed wherein a gereralized curve of
the form P = k(aP)M was fitted to cloth
p2rmeability data for a numher of different
cloths and gives surprisingly good agree-
ment over the pressure differential range
of avallable data. The pressure differ-
ential was then related to the trajectory
conditions to glve a gencralized expressio:n
vhich can be used in the finite mass ratio
range, 88 well as the infinite mass case.
The permeabllity properties were trans-
formed into a nass flow ratio, M!, which
shows agreerient with the effective porosity
concept,

Measured and calculated permeadility
pressure data for several standard cloths
are illustrated in Figure 16. This method
has been applied to various types of cloth
between the extremes of a highly permeable
3-momme silk to a relatively impervious
parachute pack container cloth with
reasonably good results, see Figure 17.

The caropy pressure coefficlient, C,,
is defined zs the ratio of the preseurg
cifferential across the cloth to the
dyramic pressure of the free stream,

c_ < 8P _ P(intercel) - P(external)
P a 1/2 pv2

(25)
vhere V 18 based on equation (7).

The paracability expression, P = k(aP)"
oecomes

4’) n

(A ﬂ%:) (25)

Althousgh sone progress has been made
by Malzig ard others or the measurement of
the varifation of the pressure coefficient
on an actual inflating canopy, thie
dimension ard its veriation with tine are
st111 darx areas at the time of this
uriting. At the present time, a constant
a~verege value of pressure coefficieat is

used in these calculations. Figure 18
presents the e:rfect of presscure coeflflcient
ard altitude on the urnfolding tire for
congtant dc¢ployment coaditiorns.

It is well kerown that the inflation
tinre of solid cloth parachutes decreases
as the operational altitude increases.
Tnis efrect can be explained by conside-
erlng the ratio of the mass outflow
through & unit clcth arca to the mass
inflow throu:n & unit mouth area.

M' = mass [lov ratio = muss outtiow

1ass  inflow
wnere

mass outflow = P —E%Eﬁ§~(pcritECIOU1uroa)
P re gec

and

mass inflow = v _ ~8LUEA (per £t inflow arca)
P rt? gec
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F1G. 16 NOMINAL POROSITY OF PARACHUTE MATERIAL
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Tnerefore, the mass flow ratio becomes

PP

M' f B di B

Vo v

c o
e

Effective porosity, C, is defined as
the ratio of the velocity through the
cloth, u, to a fictitious theoretical
velocity, v, which will produce the par-
ticularAPs 1/20v=.

LS T
3MOMME SILK CLOTH
mH——-- —t
z
2
+ eo00}— ——t—
a
iy
> P =xilaP"
5 3000 T p e 448,621 (AP)0.8120221
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Fi1G. 17 COMPARISON OF MEASURED AND CALCULATED
PERMEABILITY FOR RELATIVELY PESMEABLE AND
IMPERMEABLE CLOTHS

AVERAGE CANOPY PRESSURE COEFFICIENT
DURING INFLATION INCLUDING THE VENT

2 "o 12 [~ REALISTIC “n-
€0. (14) €0. (13

10} -
\.9"\'
ot
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_seareuth—

UNFOLOING TIME (SEC)

asr -
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i %-F7
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e ——————
$0K - FY $OK - FY
ok r
- —————————————— -
02 100 K- FT 100K - FT
e |-...x___.__.-
e 20 1.0 20
Cp c
FIG. 18 EFFECT OF PRESSURE COEFFICIENT AND ALTITUDE
ON THE UNFOLDING TIME.
effective porosity, C = 3 (28)
v

Comparison of the mass flow ratio and
previously pablished effective porosity
data 1s shown in Figure 1G9, The effects
of altitude and velocity on the muzs flow
ratio are preserted in Figures 20, and 21
for constant elocity ard constant
eltitude. Tne decrease of cloth perme-
ability with altitude is evident.

The permeadbility constarts "k" and "n"
can be determined from the permeability
pressure differential data as obieined
from an instrument such as a Frazier
Perreuameter. Two data points, "A" and

0.12
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"B," are selected ir such a manner that

point "A" is in e low-pressure zone below

the knee of the cur-e, and point "B" is

located ir the upp:r e:nd of the high-

pressur2 -one, as snowr. in TFlgure 22. ’ F13

FT12. seC

The tvwo standerd ezsurements of 1/2

inch of water and 27 inches of water

appear to be good deta points if both are

100

CLOTH, MIL-C-7020, TYPE 113 Ap A8
K = 1.45042. n - 063246; C,- 1.15 F12
8o} MASS OUTFLOW

MASS INFLOW

M’ = MASS FLOW RATIO = FIG. 22 LOCATION OF DATA POINTS FOR DETERMINATION

OF “k™ AND “"n"

available on the same sa.mgle, Substi-
tuting the data from points "A" and "B"

into P = k(aP)" :

na——AL (29)

ALTITUDE (THOUSANDS OF FEET)
T

K = P = = (30)
MASS FLOW RATIO (aPy) (aPg)
o’

FIG. 20 EFFECT OF ALTITUDE ON MASS FLOW RATIO AT VIII. Determination of the
CONSTANT VELOCITY Paraechute Included Volume
and Associlated Alr Mass

Before the reference time, t,, and
inflation time, tg, can be calculated,
the volume of atmosphere, Vo, wnich is
to be collected during the inflation
process must be accurately known. This
014 requirement dictates that a realistic
CLOTH, MIL-C-7020, TYPE 1| inflated canopy shape and associated
%= 1.46042;n~ 0.63245 SEA LEVEL volume of atmogphere be determined.
Cp= 113 Figure 2~ . reproduced from reference
(5). The technique of using lampblack
coated plates to determine the airflow
patterns around metal models of inflated
canopy shapes was used by the investigator
of reference (5) to study th~ stability
i crharac:erigtilics of corterporary parachutes,
SOK FEET | i.e., 1943. A by-product of this study
e is that it is clearly shown that the
/// volume of air within the canopy bulgcs
100K FEET out of the canopy mouth (indicated by
arro»s) and extends ahead of the canopy

20K FEET

0.02

e

0 i - * nem. This volune must be collected during
8 1
v‘etoocnv(::‘;p %0 000 the inflation process. Another neglected,
o but significant, source of canopy volume
FIG.2V EFFECT OF VELOCITY ON MASS FLOW RATIO AT exists ir. the billoued portion of the gore
CONSTANT DENSITY panels,

] 200
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N ——1 BILLOWED GORE
: y] |, contour
“1< a

. \J EQuIVALENT BiLLOW voLUME
| ., ] EXTENDED AIR VOLUME

REPRODUCED FROM REFERENCE (6)
FIG. 24 PARACHUTE CROSS SECTION NOMENCLATURE

Tables I and II are summaries of test
results reproduced from references (6) and
(7), respectively, for the convenience of

VENT PARACHUTE 4.

REPRODUCED FROM REFERENCE (5)

FIG. 23 AIRFLOW PATTERNS SHOWING AIR VOLUME
AHEAD OF CANOPY HEM 5.

The steady-state canopy shape has been
observed in wind-tunnel and field tests to
be elliptical in profile. Studles of the 6.
inflated shape and included volume of
several parachute types (flat circular,

10 percent extended skirt, elliptical,
hemispherical, ring slot, ribbon, and
cross) are documented in references (6) 7.
and¢ (7). These studies demonstrated that
the steady-state profile shape of inflated
canopies of the various types can be
approximated to be two ellipses of common
ma.jor diameter, Za&, and dissimilar minor
diameters, b and b', as shown in Figure 24.
It was also shown that the volume of the
cllipsoid of revolution formed by revolving
the profile shape about the canopy axis

vi1s a good approximation of the volume of
atrosphere to be collected during canopy
inflat.on and included the air volume
extend 'd ahead of the parachute skirt hem
together with the billowed gore volume.

3
=—2. 1ma [E + ..b_'..]
3

v
-0 7z =

(31)

A-14

the reader.

IX. References

"A Method to Reduce Parachute Inflation
Time with a Minor Increase in Opening
Force," WADD Report TR 60-761

Berndt, R. J., and DeWesse, J. H.,
"Filling Time Prediction Approach for
Solid Cloth Type Parachute Canopies,"
ATAA Aerodynamic Deceleration Systems
Conference, Houston, Texas, 7-9 Sep 1966
"Theoretical Parachute Investigations,"
Progress Report No. 4, Project No. 5,
WADC Contract AF33 (616)-3955,
University of linnesota

"Performance of and Design Criteria
for Deployable Aerodynamic Deceler-
ators,' TR ASK-TR-51-579, AFFDL,
ATRFORCESYSCOM, Dec 1963
"Investigation of Stability of Para-
chutes and Development of Stable
Parachutes from Fabric of Normel
Porosity," Count Zeppelin Research
Institute Report No. 300, 23 Mar 1943
Ludtke, W. P., "A New Approach to.the
Determination of the Steady-State
Inflated Shape and Included Volume of
Several Parachute Types," NOLTR 69-159,
11 Sep 1969

Ludtke, W. P., "A New Approach to the
Determination of the Steady-State
Inflated Shape and Included Volume of
Several Parachute Types in 24-GCore and
30-Gore Configurations,” NOLTR 70-178,
3 3ep 1970

RS AR R AT LR R A A AR AR A L R ST A et 1 s g vy g



NSWC TR 85-24

TABLE | SUMMARY OF PARACHUTE SHAPE TEST RESULTS
FOR 12.GORE AMD 16-GORE CONFIGURATIONS

Passchut= No. of Suspenuon Valoaity Scale Facror, K N Axes Rato \oluma in? ! v,
Type Gorst | Lwe Length s un  u uay o L] v - 30 S IRV v v,
ncher mpts  Ipr o, o, 0, L H H 3 ' H € ° b
Flat Cucular 12 34 50 73 | 645 620 856 6115 BT 14932 | 448 4431 &880 1.56
11 34 S0 73 | 683 668 820 5558 9039 14597 | 4350 4100 7325 1.65
10% Extended 12 34 100 147 | 663 €52 881 8424 8860 15784 [ 1928 4400 4783 | V73
Shurt 11} u 7 26 | 664 040 18% .$580 502 14082 | A05Y W0 6197 153
Ediptical 12 34 ™ 10 "ne 42 5626 2657 15203 3322 5408
16 k] 17 5 875 800 8169 818 14332 2778 4408
Hemusphtvic 2 34 1275 183 296 1.254 1.0005 9080 1.90mS €224 Be6e
16 4 % 110 994 1.18% R AL, 9380 1.8509 S8 8370
Amgalog 12 34 % 37 607 654 %3 6586 8735 1530 3800 350 5903 | 158
18% Geomeux 12 M 100 147 | 616 .663 922 6568 8735 1630 3800 4198 68186 182
Porowty 12 k) 200 293 | 637 688 Rl ] 6566 8735 18630 3800 4634 GaX | 190
16 k3 5 37| 611 658 827 6004 8890 14894 | 3800 3763 5885 1.50
18 34 100 147 | 617 664 264 6004 6850 14894 | 38p0  I9EC 6030 | 159
16 ko 200 293} 645 095 844 8004 $890 14894 | 3800 4430 6a80? 1.82
Aibbon L H k2 < 37 | 586 632 8959 6558 8768 15326 | 3800 3323 533 | 140
24% Geometrc 12 34 100 147 | 615 &8 837 6558 8768 15326 | 3800 3714 €183 | V62
Porosity 12 34 200 293 | 832 681 7 8558 9768 15320 | 3000 4280 6683 | 1.78
18 34 % »” 60} 650 197 5570 8578 14148 | 3800 3430 5358 | 140
10 k) 100 147 | 626 .64 191 5670 8578 14148 | 3800 3904 5983 | 157
16 34 200 293 | 48 M 781 5870 8578 14148 | 3000 4164 &858 | 175
Cromn Chute 34 % 37 | 70 543 | 1.242 8887 12776 21643 { 1928 3768 5798 | 301
w/i - 264 34 100 47 707 540 | 1.270 8867 12776 21643 | 1928 3810 S$712 | 288
4 200 293 | .16 547 | 1.286 8887 12776 21643 | 1928 4212 5928 | 3.07
47 3 37 | 769 580 | 1113 $494 12612 21008 | 1920 4062 de68 | 383
L} 100 w27 129 587 | 1205 8494 12512 21006 | 1928 3973 SevsS | IO
47 200 293 | 178 . 592 | 1.110 8404 12512 21006 | 1920 4292 7303 | 3.79
REPRODUCED FROM REFERENCE (8)
TABLE Il SUMMARY OF PARACHUTE SHAPE TEST RESULTS
FOR 24.GORE AND 30-GORE CONFIGURATIONS
- n
Parachuts No. of Suspenson Valocity Scale Fector, K N Axss Astio Volume in v,
Type Goresr Line Longth mph fos | 25 2i i . b v v v v
nehes R A T I
. F
Flat Crrcvlarsy 24 M $0 13} en 679 188 5758 8126 1.3854 4362 4695 7213 167
30 34 \H | ess K | ¥44 6214 7808 1.4020 4342 4626 7027 162
10% Extended® 24 M 100 147 | 685 648 834 5849 N 14720 4138 4448 8930 167
skt 30 k) 17 2% | 680 43 "?2s 6255 7962 14427 a7 4076 6265 150
Aing Stot 16% 24 3 o 37 | 6w .686 824 5800 9063 1.4853 3501 89 603 188
Qeometricaly 24 e 100 147 | 660 K Fe 815 5800 9083 14853 359+ 4079 653 181
Pocous FL k) 200 s 2] 684 496 809 5800 8653 14853 591 4270 68924 19
30 k1] 2 » | en 70 r68 5800 %3 1498) 3582 3828 6404 179
3 34 100 ? e 805 802 $800 9053 14953 3582 4023 o588 184
] 34 20 3 | 698 99 860 5000 353 14853 3582 4260 7012 196
Ribbon 14% 24 k7] » 37 an 373 710 5880 8187 14187 3591 3591 5968 166
Geomercally 24 M 100 4?7 €78 [$1 813 5080 218/ 14187 3591 3927 8097 1.70
Porous 24 34 200 M 887 (1.4 804 $98V #187 14167 3591 4061 6389 178
3Q k23 25 37 455 657 782 6021 8463 14484 3582 3396 5666 158
30 u 100 4?7 869 670 784 80214 85463 14484 3582 3622 8022 188
30 34 200 293 | 6712 679 823 6021 8463 14484 382 4002 6286 178

“Since Uy gaachule was “Hreathing’” during the tesy 1evessl photng 3Nt wa:s Teken pt 2ach spesd The data were reduced from the photograph which most
rensansbiv eppeared ic represent the syuilibram itste

REPRODUCED FROM REFERENCE (7!

0
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X. List of Symbols P

Steady-state projected area of the
inflated parachute, ft

-Ingtantaneous canopy mouth area, 2

Stsady-state inflated routh area,
ft

Acceleration, ft/sen SO=A

HMaximum inflated paracnute diameter
of gore mainseam, ft

Minor axis of the ellipse bounded ‘o
by the major axis (Z&) and the vent
of the canopy, ft

Minor axis of the ellipse wnich tf
includes the skirt hem of the

canopy, ft

Effective porosity u

Parachute coefficlent of drag

Parachute pressure coefficlent,
relates internal and external
pressure (aP) on canopy surface to
the dyn c pressure of the free
stream

Nominal diasmeter of the aerodynamic v
d t =
ecelerator ‘IE§;7;’ £t

Instantaneous force, lbs Y.

Steady~state drag force that would
be produced by a fully cpen para-
chute at velocity Vg, 1lbs L

Constructed strength of the para- Xy
chute, 1bs

Maximum opening-shock force, lbs ()

Gravitational acceleration, f‘t/sec2

Permeability constant of canopy
cloth

Mass, slugs Py

Masg ratio - ratio of the mass of Py
the retarded hardware (including max
parachute) to a mass of atmosphere
contained in a right circular €
cylinder of length (Vgtp), face area
(CpS,)s and density (o)

Mass flow ratio - ratio of atmo-
sphere flowing through a unit cloth
area to the atmosphere flowing
through a unit inlet arca at
arbit>ary pressure

Permeability constant of canopy
cloth

Cloth permeability - ratz of air-
flow through a clotr at an arbi-
trary differentiel pressure,
ri3/£t2/sec

R 2
Dymamic pressure, 1:z/f4°

Instantaneous inflazed canopy
surface area, ft

2
Canopy suriace area, fi~

Instantaneous tire, sec

Reference time when t22 parachute M
nas reached the desigr drag area

for the first time, sec

Canopy inflation time when the

inflated canopy has reached its

raximum physical size, sec

24r velocity througz cloth in
effective porosity, ft/sec

Fictiticus theoretical velocity
uged in effective porosity, ft/sec

Instantaneous syster velocity, ft/sec

Systen velocity at the time t = ¢

ft/sec o’

System velocity at Che end of
suspension line stretca, ft/sec

Yolume of air which must be collec-
teg¢d durirg the inflatior process,
£t3

Hardware weight, lo

Instantunenus shack faztor
Shock factor at the tice t = to

A‘r denslily, slugs/ft3

Ratio of parachute projected mouth
area at line stretcn tn the steady-
state projected ares

Instantaneous elongation

Maximum elongation

Initial elongation at the beginning
of the elasstic phease of inflation -

Pare:hute safety factor = Fc/Fmax
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Appendix B

A GUIDE FOR THE USE OF APPENDIX A

At first reading, Appendix A may appear to be a complicated s s~

tem of analysis because of the many formulae presented. Actually,

once understood, the technique is straightforward and uncomplicated.

The author has attempted to simplify the algebra wherever possible.
This appendix presents, in semi-outline form, a guide to the
sequence of calculations because the analysis does require use of
formulae from the text, not necessarily in the order in which they
were presented. Also, the user can be referred to graphs of per-
formance to illustrate effects.

In order to compute t,, other parameters must be obtained from
various sources.

I. Determine System Parameters
l. CpSp, drag area, ft2 obtained from design reguirement.
2. Vg, fps, velocity of system at suspension line stretch.
3. p, slugs/ft3, air density at deployment altitude.

4. W, 1lb, system weight (including weight of the parachute)
from design requirements.

5. Vo, ft3, this volume of air, which is to be collected
during inflation, is calculated from the steady-state inflated
shape geometry of the particular parachute type. The nomenclature
is described in Figure 24,p.A-14. When D, or Dp is known, a can be
calculated from data in Table I and Table II, p. A-15, for various
parachute types and number of gores. Then the geometric volume Vg,
can be calculated by Equation (31), p. A-14, with appropriate
values of b/3a and b'/a from the takbles.

6. Aymos, ft?, steady-state canopy mouth area
. i |y- (NO-b/EY
Avo "'[' (Tn_—)] (8-1)

8-1
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where N/a, b/3, and b'/3 are available from Tables I and 1I for the
particular type of parachute and number of gores.

7. BAgys, ft2, canopy surface area = %Dgz

8. C_, pressure coefficient, see Figure 18, p. A-12, A .
constant Ep = ).7 for all altitudes seems to yield acceptable
results.

9. Constants k and n are derived from measurements of the air
flow through the cloth. Only k is needed for Equation (14), but n
18 also required for Eguation (13). These parameters can be deter-
mined for any cloth using the technique described beginning on
p. A-12. The two-point method is adequate if the AP across the
cloth is in the range of AP for actual operation. Check-points of
cloth permeability can be measured and compared to calculated
values to verifv agreement. If the data are to be extrapolated to
operational AP's greater than measured, a better method of deter-
mining k and n from the test data would be a least squares fit
through many data points. This way errors due to reading either
of the two points are minimized.

I1. Step l

Calculate the reference time ty by use of Equations (13) or
(14), p. A-7. 1If the deployment altitude is 50,000 feet or higher,
Equation ()4) is preferred due to its simplicity. For altitudes
from sea level to 50,000 feet, Equation (13) is preferred. Figure
12, p. A-8, shows the effect of altitude on t, and can be taken as
a guide for the user to decide whether to use Equation (13) or (14).
Cne should keep in mind that the opening shock force can be a
strong function of inflation time, so be as realistic as possible.
If Equation (13) is elected, the method in use at the NSWC/WO is
to program Lquation (13) to compute the parachute volume, V,, for
an assumed value of t5. Equation (14), because of its simplicity,
can be used for a first e.timate of ty at all altitudes. The com-
puted canopy volume is then compared to the canopy volume calculated
from the gecometry of the parachute as per Equation (31), p. A-14.
If the volume computed from the mass flow is within the volume
computed from the geometry within plus or minus a specified delta
volume, the time to is printed out. If not within the specified
limits, t, i1s adjusted, and a new volume caliculated. For a 35-foot
Do, 1=10 Lype canopy, I use plus or minus 10 cubic feet in the
volume comparison. The limit would be reduced for a parachute of
smaller D.

It ¥, calculated = ¥V, geometry t 10, then print answer.

If ¥, calculated # ¥, geometry + 10, then correct t, as follows:

'V, geometry
o™t ]—[o_ulculmd {B-2}

t

8-2
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Wil

The new value of t, is substituted in the "do loop" and the
volume recomputed. This calculation continues until the required
volume is within the specified limits.

kboocay

III. Calculate ty corrected for initial area. The t, of Section
1l assumes that the parachute inflated from a zero initial area.
If this is a reasonable assumption for the particular system under
study, then the mass ratio can be determined from Eqguation (6),

p. A=4. For n = 0 if the value of M 5 0.19, then a finite state
of deployment exists, and the time ratio of occurrence and the
maximum shock factor can be determined from Equations (9) and (10),
respectively, on p. A-5. If n # 0, then the limiting mase ratio
for finite operations will rise slightly as described in Appendix
C. Figures C-1 and C-2 illustrate the effects of initial area on
iimiting mass ratios and shock factors respectively. If the mass
ratio is greater than the limiting mass ratio (Mp), then the
maximum shock force occurs at a time greater than ty and the
elasticity of the materials must be considered (see Section VI).
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If n # 0, then the reference time, t , will be reduced, and
the mass ratio will rise due to partial inflation at the line
stretch. Figures 9 and 10, p. A~-6, illustrate the effects of
initial area on the velocities and shock factor during the
“"unfolding"” inflation. Equation (15), p.A-9, can be used to
correct t, calculated for the cases where n = Ai/Ac. If the initial
value of grag area is known, Equation (16), p. A-9, can be used to
correct t, and rechecked for limiting mass ratios vergus n in
Appendix 8.
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IV. Opening shock calculations in the elastic phase of inflation.
It has been considered that from time t = 0 to t = tgo the para-
chute has been inelastic. At the time t = to the applied aero-~
dynamic load causes the materials to stretch and the parachute
canopy increases in size. The increased size results in an
increase in load, which causes further growth, etc. This sequence
of events continues until the applied forces have been balanced by
the strength of materials. The desiygner must insure that the
constructed strength of the materials is sufficient to resist the
applied loads for the material elongation expected. Use of
materials of low elongation should result in lower opening shock
forces as CpSpax 1s reduced.

G

e

....
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When the mass ratio of the system is yreater than the limiting
mass ratio, the elasticity of the materials and material strength
determine the maximum opening shock force. The maximum elongation
tmax and the ultimate strength of the materials are known from
tests or specifications. The technique begins on p. A-9.
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At the time t = t,, calculate thc¢ following quantities for the
particular values of M and 1.

[

Lo D the W

a. V,/Vg from Equation (18), p. a-9.

s
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b. X, from Lquation (22), p. A-10.
c. €g from Equation (23), p. A-10.
d. Determine CpSpayx/CpSg from Figure 15, p. A-10.

e. Calculate the inflation time ratio tg/t, from Equation
(24)l po A‘lo-

f. Calculate the maximum shock factor from Equation (19),
p. A-9.

g. Calculate the opening shock force Fpg = XFg where

1 v2
Fs = 2°V3Co8,

h. Calculate filling time, tg(sec)

e (2

V. 1In order to simplify the required effort, the work sheets of Table
B-1 are included on pages B-5 through B-9 to aid the engineer in
systematizing the analysis. The work sheets should be reproduced to
provide additional copies.

8-4
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Table B-1. Opening Shock Force

CALCULATION WORK SHEETS Qab
‘kk
* 1. Parachute type -
2. System parameters

a. System weight, W (1b) w ib.
b. Gravity, g (ft/secz) 9 ft/sec?
¢. Deployment altitude (ft) ft.
d. Deployment air density, p (slugs/ft3) p slugs/fe3
e. Velocity at line stretch, Vg (fps) v, fos.

f. Steady state canopy data

(1) Diameter, D, (ft) 0o f.
(2) Inflated diameter, 2a (ft); 2& . , ) ft
; 2y. %p? i A_*S 2
(3) Surface ares, So (fe<); y oo 50 ® 8o ft.
(4) Drag area, CpSo (ft2); Cp x So CDso f.2
(5) Mouth area, Agb (ftz)
2 N/ - b/T\
Ayo = 73 ﬁ- (—-;;;——) ] Amo ft.2
(6) Volume, ¥.,* (ft3)
- =3 o, Y 3
R S -3— na [1 '.] °
g. Cloth data
1) k i Calculate using technique beginning on k -
(2) n p. A-12. Note: Permeability {s usually n -

measured as ft3/ft/min.
For these calculations
permeabllity must bhe
expresged as fe3/r1e) sec

# Data for these calculations are listed in Tables 1
and 2, p. A-15.
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Table B-1. Opening Shock Force

(cont'd)

(3) €p.,; determine maximum elongations from
pull test data o? joints, seams, lines, etc. Use
minimum €., determined from tests.

(4) Cp; pressure coefficient

h. Steady state drag, F, (1b), F’ = %pV:chc

1. Parachute constructed strength, Fc (1b); deter-
mined from data on efficiency of seams, joints, lines.
Constructed strength is the minimum load required to
fail a member times the number of members.

3. Force calculations

a. Calculate t, for n = 0; eq. 14, p. A-7.

pYo o3, ]
.. 14w W [A"o' Ago k(CPP)lz
° p'vicose ¢ "2

Check Figure 13, p. A-8, for advisability of
using eq. 13, p. A-7.

b. If n = 0, proceed with steps ¢ through e.
If n ¥ 0, go to step f.

c¢. Mass ratio, M; eq. 6, p. A-4
w

M ——
p 'vitocbso

d. If M € 4/2]1 for n« G, then finite mass
deployment is indicated.

(1) Time ratio at Xy paxi ©q. 9, p. A-5
1

1 i (21M>7
to [ J X, 4

mex

(2) Max shock factor, x4; eq., 10, p. A-5
[]

w3 (44)

8-8

-1

d"%o(

1=
B4

ib.
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Table B-1. Opening Shock Force

(Cont.'d)

(3) Max shock force, Fp.. (1b)

Fm. = xl mex. Fg

Ib.
e. Lf M > 4/21; then intermediate mass or infinite
- mass deployment is indicated and the elasticity of
I materials is involved. Calculate the trajectory con-
ditions at time t = t,.
: (1) Velocity ratio @ t = o forn =0
]
= % . y -
‘ vs 14 7lM_ %
' (2) Shock factor X, @t = t, forn =20
'
2
v
1 o -
xo L) p 2 - (.'7‘_> xo
1+ 533
[+ 7]
]
: (3) 1Initial elongation, €,; eq. 23, p. A-10
! X F
$
L ; €mex €o -
‘ 3
: CpSmax Cps
. (4) Decermine from Figure 15, p. A-10 ~D%max -
' Cpds Co$o
(5) Calculate inflation time ratio, tf ; eq. 24,
P A-10 1 —‘;
' t cosmu ‘1_ -
i 'o ED §c'o L'
'

{6) Calculate maximum shock factor, Xy pma.xi €q-

: 19, p. A-9 (t,)'
o = o

H

- ]
! x'mu Vs 1 t ’ 2 e
- (7 & [(z) ]

(7) Calculate maximum shock force, Fp.. (1b),
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"‘2%
Table B-1. Opening Shock Force <

(cont'd)

t
(8) Inflation time, sec = Y “ g ("':

f. 1f n # 0, correct t, for initial area effects;

eq. 16, p. A-9 c.8,\
’ ‘o"[}* Eﬁ%J to calculated
g. Mass Ratio, M, eq. 6, p. A-4 °

2w

Mz ———
pVst, GpS,

h. Calculate limiting mass ratio, M;
1 {82,312
M =309 [14" MET R

If M« Mp o, fin..e mass deployment is indicated and X4 max

can be determined by eq. 8, p. A-5 by assuming values
of t/ty and plotting the data using the methods of
Appendix C.

i. If M > My, then intermediate mass or
infinite mags deployment is indicated and the
elagticity of materials is involved. Calculate
the trajectory conditions at time t = r,.

(1) Velocity ratio @t = t, for n # 0; eq. 18,
p. A-9

vO

v, 2
s 1 fou-n?  n0-, 2
[“u[ 7 tT gz "

(2) Shock factor X, @t = t, for n ¥ 0; eq.
22, p. A-10

1 v, \?
xo- - \T
“_1_(1-g)’*n(1-n’,nz-|’ s
M 7 2
(3) Initial elongation, €,; eq. 23, p. A-10
onS €
Eﬂ- F max

CnS
(4) Determine -2F&X fron Figure 15, p. A-10
(o)
Do

6-8

J(IJ<

cbsmax

Cps,
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Table B-~1. Opening Shock Force (Con q
t
(5) Calculate inflation time ratio, ff s eq~ 24,
p. A-10 1 o
i_ chmul s i
) XY %
(6) Calculate maximum shock factor, Xy pgy;
eq. 19, p. A-9 (").
T
- ° xiﬂ‘
Ximax Vg 1 Y 7 . 2 *
— — -
[ % {(%)
(7) Calculate masimum shock force, Fpay(1b)
F. = F
mex xim“ [ ) an

(8) Calculate inflation time, tf(sec)

K «

89
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Appendix C

EFFECT OF INITIAL AREA RATIO ON THE LIMITING MASS RATIO
AND SHOCK FACTOR FOR THE FINITE STATE OF
SOLID CLOTH PARACHUTE DLPLOYMENT

Very low mass ratios are indicative of finite mass parachute
deployment, wherein the maximum shock force occurs before the
parachute is fully inflated during the unfolding phase of deploy-
ment. As the mass ratio is increased, the maximum shock force
occurs later in the inflation process. At some value of mass
ratio, the maximum shock force will occur at the time to. This
particular mass ratio is defined as the limiting mass ratio (Mg,)
for finite mass deployment. A further increase in mass ratio
will result in the maximum shock force occurring after the para-
chute has achieved the design drag area (CpSp) for the first time.

Equation (8), from p. A-5, Appendix A, defines the instantaneous
shock factor during the unfolding phase of parachute deployment.

(1-n? (tl). +2n(1-q) (%)3+ n?
x| - [ [ )
et 2 eni]T

This expression is to be analyzed for the following purposes:

a. Determine the effect of the initial area ratio (n) on the
limiting mass ratio Mp).

b. Determine the variations of the instantaneous shock gagtqr
during the unfolding phase of deployment as a function of limiting
mass ratio and n.

c. Determine the expression for the time of occurrence'of ;he
maximum shock force for finite mass ratios less than the limiting
mass ratio.

The maximum shock force occurs at the point in finite mass
deployment where dx;/dt = 0. Setting the derivative dxj/dt = 0.
and solving for mass ratjo as a function of n and t/t, results in
the following equality:
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3
[(1 -n)z({-)‘i»Znﬂ -n) (‘i) +n?:|z
M= ° ° | -2 eV n(1-q) /o) t
. 21 |77 D) (D)t e
3[(1-n)2 1 +n(1-9) LS o to % .
to 'o

Since the limiting mass ratio occurs at t/ty, = 1, Equation (C-1)

can be reduced to:

-—t_ (92 2,3 .1
M= 300 [14” *14"*7] (c-2)

The effects of initial area ratio on the limiting mass ratio are
described in Equation (C-2) and Figure C-1. Note that the time of
occurrence of the maximum shock force fcr n = 0 in Equation (C-1)

is:
1
t ) (21 M)’
ta oXx, 4
max

which is the same as Equation (9), p. A-5, Appendix A,

{C3)

The variation of the instantaneous shock factor during the
unfolding phase of deployment fcor limiting mass ratios is presented
in Figure C-2, 1Initial area at the beginning of inflation causes
the initial force to increase, but this is compensated for by
reduced maximum shock forces. As n increases, the initial loads
can be greater than the maximum shock force. However, values of
n are usually small and depend on the deployment systems for
magnitude and repeatability. Values of n = 0.4 are more repre-
sentative of a parachute being disreefed rather than initially
deployed. This does demonstrate, however, that the analysis pre-
sented in Appendix A can be adapted to the disreefing of solid cloth -
parachutes by considering the next stage to be a deployment with a
large value of n. Variation in initial area is one of the causes
of variation in opening shock forces. The variation of opening .
shock forces for finite massg intermediate mass and infinite mass
states of deployment can be evaluated by successive calculaticns
with various expected values of n.

For known mass ratios iess than the limiting mass ratio, the
time of occurrence of the maximum shock force can be ascertained
from Eguation C-1. If n approaches zero, then the time ratio of

C-2
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INITIAL AREA RATIO, i

FIGURE C-1. EFFECT OF INITIAL AREA RATIO ON THE LIMITING
MASS RATIO FOR THE FINITE STATE OF PARACHUTE
DEPLOYMENT FOR SOLID CLOTH PARACHUTES
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occurrence of the maximum shock force can be initially estimated
from Equation (C-3), or determined by plotting

t
x: = f£{M, n, ——)
p= (a0 &

as in Figure C-2.
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